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For c o l l i s i o n s  of  pro tons  wi th  helium and argon 
I 

t a r g e t  gases ;  t h e  d i f f e r e n t i a l  cross s e c t i o n s  f o r  t o t a l  

s c a t t e r i n g ,  t h e  p r o b a b i l i t i e s  of charge t r a n s f e r  forming 

a hydrogen atom, and t h e  p r o b a b i l i t i e s  o f  charge t r a n s 2 e r  

forming a hydrogen atom i n  t h e  2 s  s t a t e s  w e r e  measured. 

The measurements w e r e  d i f f e r e n t i a l  i n  t h e  angle  t o  which 

t h e  i n c i d e n t  p a r t i c l e  w a s  s c a t t e r e d .  

between 1' and 7' w e r e  used. The measurements w e r e  made 

S c a t t e r i n g  angles  

f o r  t h e  range o f  i n c i d e n t  proton ene rg ie s  between 3 and 

20 keV. 

A beam of  pro tons ,  magnet ical ly  s e l e c t e d  f r o m  t h e  

ou tpu t  of a duoplasmatron type  ion  source ,  was brought 

i n t o  a s c a t t e r i n g  chamber. The p res su re  of t h e  gas i n  t h e  

chamber was h e l d  s u f f i c i e n t l y  l o w  t h a t  co l l i s ions  of 

i n c i d e n t  protons wi th  more than  one t a r g e t  gas a t o m  w e r e  

n e g l i g i b l e .  The f a s t ,  s c a t t e r e d  p a r t i c l e s  ( e i t h e r  protons 

o r  hydrogen atoms) w e r e  d e t e c t e d  by a ba re  e l e c t r o n  

m u l t i p l i e r  set a t  an angle  t o  t h e  o r i g i n a l  proton d i r e c t i o n .  

With knowledge of t h e  t a r g e t  gas  d e n s i t y ,  t h e  t o t a l  number 
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of i n c i d e n t  pro tons ,  t h e  e f f i c i e n c y  of  t h e  p a r t i c l e  detec- 

t o r ,  and t h e  s c a t t e r e d  p a r t i c l e  acceptance geometry; t h e  

d i f f e r e n t i a l  cross s e c t i o n  for  t o t a l  s c a t t e r i n g  w a s  ob ta in -  

ed  from t h e  number of s c a t t e r e d  p a r t i c l e s  f o r  each angle  

and i n c i d e n t  pro ton  energy used. These measurements of 

d i f f e r e n t i a l  s c a t t e r i n g  cross s e c t i o n s  are compared t o  t h e  

p r e d i c t i o n s  of classical  s c a t t e r i n g  theory.  

-- By d e f l e c t i n g  t h e  p o s i t i v e l y  charged protons and 

d e t e c t i n g  only  the f a s t  hydrogen atoms, t h e  p r o b a b i l i t y  o f  

charge t r a n s f e r  forming a hydrogen a t o m  was obta ined  f o r  

each angle ,  energy,  and t a r g e t  spec ie s .  The p r o b a b i l i t y  is 

t h e  r a t io  of  hydrogen atoms de tec t ed  t o  t h e  number of t o t a l  

p a r t i c l e s  (hydrogen atoms and pro tons)  de t ec t ed  f o r  t h e  \ 

same experimental  cond i t ions .  ' These measurements are 

compared t o  t h e  prev ious  measurements of Everhar t ,  e t  a1 

and t h e  a v a i l a b l e  coupled s ta te  c a l c u l a t i o n s  f o r  charge 

t r a n s f e r .  

I f  t h e  hydrogen atom formed by charge t r a n s f e r  i s  

formed i n  t h e  2 s  s t a t e ,  it w i l l  remain i n  t h a t  s tate u n t i l  

a f t e r  d e t e c t i o n  un le s s  t h e  atom i s  i n  an electric f i e l d .  

I n  a s t r o n g  electric f i e l d  t h e  2 s  s ta te  is  coupled t o  t h e  

2p s ta te  and t h e  a t o m  w i l l  t hen  decay t o  t h e  ground s t a t e  

e m i t t i n g  a c h a r a c t e r i s t i c  photon. A p o r t i o n  o f  t h e  photons 

induced by e s t a b l i s h i n g  an electric f i e l d  i n  t h e  pa th  of  

t h e  scattered p a r t i c l e s  w e r e  counted us ing  a photodetec tor .  

With knowledge o f  what f r a c t i o n  of t h e  t o t a l  number of  

. .. .. r 
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induced photons w e r e  counted; the p r o b a b i l i t y ,  def ined  as 

t h e  r a t i o  of hydrogen atoms i n  t h e  2 s  s t a t e  t o  t o t a l  

s c a t t e r e d  p a r t i c l e s  a t  a p a r t i c u l a r  angle  and energy, w a s  

ob ta ined .  These p r o b a b i l i t y  measurements are compared t o  

the coupled s ta te  impact parameter c a l c u l a t i o n s  of S in  

F a i  Lam and t h e  previous p r o b a b i l i t y  measurements a t  one 

f i x e d  angle  by Dose. 
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The p rocess  of exchange of e l e c t r o n s ,  o r  charge 

exchange, du r ing  c o l l i s i o n s  of atoms and ions  has  been 

widely s t u d i e d .  Processes o f  t h e  type  A+ + B + A + B+ 

where A and B may o r  may n o t  be t h e  same atomic s p e c i e s ,  

have r ece ived  cons ide rab le  a t t e n t i o n ,  experimental ly  and 

t h e o r e t i c a l l y .  

i n t e r e s t  i n  t h e  t o t a l  charge t r a n s f e r ,  i n  t r a n s f e r  .during 

This  process  has  been inves t iga t ed .  with 
. .- 

close c o l l i s i o n s  with s c a t t e r i n g  t o  p a r t i c u l a r  angles ,  and 

i n  c o l l i s i o n s  w h e r e  one of t h e  c o l l i d i n g  p a r t n e r s  i s  l e f t  

i n  an e x c i t e d  state. 

Seve ra l  quantum mechanical techniques f o r  c a l c u l a t i n g  

and understanding t h e  phys ica l  p r o p e r t i e s  of  charge 

t r a n s f e r  processes  have been advanced. These techniques 

w i l l  be d i scussed  b r i e f l y  i n  s e c t i o n  11, bu t  no at tempt  

w i l l  be made t o  undertake a complete d i scuss ion  of  t h e s e  

t h e o r i e s  o r  t o  ca ta logue  a l l  of t h e  c a l c u l a t i o n s  which have 

been done. 

Recent experimental  work on charge t r a n s f e r  has been 

d i r e c t e d  beyond measurement of q u a n t i t i e s  . f o r  d i r e c t  prac- 

t i c a l  a p p l i c a t i o n s ,  toward t e s t i n g  t h e  range of v a l i d i t y  

of t h e  va r ious  theoretical c a l c u l a t i o n s .  For t h i s  reason 

much of t h e  recent work has  been wi th  t h e  s i m p l e s t  atoms 

and ions a v a i l a b l e  e There has  been r e c e n t  experimental  

i n t e r e s t  i n  charge t r a n s f e r  w i th  s c a t t e r i n g  t o  p a r t i c u l a r  

angles  ( d i f f e r e n t i a l  charge t r a n s f e r )  and on t r a n s f e r  t o  
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I 

e x c i t e d  states I 

t h e  t h e o r e t i c a l  

as t h e s e  provide t h e  m o s t  c r i t i c a l  tests o f  

thechniques.  

I n  t h i s  s p i r i t ,  an experiment t o  measure c r o s s  s e c t i o n s  

and p r o b a b i l i t i e s  f o r  charge t r a n s f e r  t o  t h e  n=2 state of 

hydrogen from c o l l i s i o n s  of  pro tons  wi th  va r ious  rare gases  

as a func t ion  of impact energy and s c a t t e r i n g  angle  has  

been undertaken i n  t h i s  l abora to ry .  I t  w i l l  be t h e  

func t ion  of  t h i s  t h e s i s  t o  p r e s e n t  r e s u l t s  f o r  t r a n s f e r  t o  

t h e  2 s  state of  hydrogen from c o l l i s i o n s  of  pro tons  wi th  

helium and argon over t h e  range of impact ene rg ie s  from 3 

t o  20 keV and s c a t t e r i n g  angles  from lo t o  7O. 

r e s u l t s  w i l l  be compared wi th  t h e  available t h e o r e t i c a l  

c a l c u l a t i o n s  and s i m i l a r  experimental  r e s u l t s  ( s e c t i o n  V ) .  

_ -  

These 

I n  o r d e r  t o  make t h e s e  measurements it w a s  necessary t o  

measure r e l a t e d  q u a n t i t i e s ,  some of  which have rece ived  

previous a t t e n t i o n .  The t o t a l  t r a n s f e r  c r o s s  s e c t i o n s  ( a l l  

angles )  t o  t h e  2s s ta te  of hydrogen fo r  c o l l i s i o n  of pro tons  

wikh helium and argon w e r e  measured i n  o r d e r  t o  o b t a i n  a 

c a l i b r a t i o n  o f  t h e  e f f i c i e n c y  o f  a photodetec tor  used. 

These r e s u l t s  are presented  and compared t o  previous  work i n  

s e c t i o n  I V .  As a p a r t  o f  t h e  experiment t h e  t o t a l  d i f f e r -  

e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n s ,  i nc lud ing  e las t ic  and 

i n e l a s t i c  and charge changing processes ,  i n  c o l l i s i o n s  o f  

pro tons  wi th  helium and argon were measured. Some appro- 

p r i a t e  c l a s s i c a l  theory  r e l a t e d  t o  t o t a l  d i f f e r e n t i a l  
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s c a t t e r i n g  i s  presented  i n  s e c t i o n  11 and compared t o  t h e  

p re sen t  experimental  r e s u l t s  i n  s e c t i o n  V. F i n a l l y ,  t h e  

d i f f e r e n t i a l  charge t r a n s f e r  p r o b a b i l i t i e s  f o r  forming 

hydrogen i n  any state w e r e  measured. Comparisons wi th  

earlier r e s u l t s  are found i n  s e c t i o n  V. 

Y 
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11. THEORIES 

A. Classical Theory of D i f f e r e n t i a l  S c a t t e r i n g .  

The i n t e r a c t i o n  energy, V,  o f  two charge p a r t i c l e s  

_)- 

w i t h  charges Q1 and Q2 i s  w e l l  understood c l a s s i c a l l y  and 

is  r ep resen ted  by V = *1 Q2 w h e r e ' r  i s  t h e  s e p a r a t i o n  o f  

t h e  charges .  
r 

Bohr' has  d iscussed  t h e  p o t e n t i a l  

v =  

f o r  r e p r e s e n t i n g  

a t o m s  of n u c l e a r  

charge  "e'' . The 

of the e l e c t r o n s  

t h e  i n t e r a c t i o n  between two c o l l i d i n g  

charge z1 and z2 t i m e s  t h e  e l e c t r o n i c  

exponent ia l  f a c t o r  expresses  t h e  e f f e c t  

i n  s h i e l d i n g  or  sereening  t h e  nuc lea r  
\ 

charge .  

a = a. / (z12/3 + z2 2/3)1/2 where a, is  t h e  r a d i u s  of t h e  

f i r s t  Bohr orbi t .  Bohr a r r i v e d  a t  t h i s  f o r m  by cons ider ing  

Bohr1 proposed a screening  l e n g t h ,  a ,  of t h e  form 

t h e  sc reen ing  of  a s i n g l e  atom, given by t h e  Thomas-Fermi 

s t a t i s t i c a l  model2 t o  be a = 0.885 (-1. Bohr 

ignored  t h e  0.885 f a c t o r  and took t h e  r e c i p r o c a l  square  o f  

t h e  t o t a l  sc reen ing  l eng th  f o r  t w o  atoms t o  be t h e  sum of  

t h e  r e c i p r o c a l  squares  of t h e  screening  l eng ths  o f  t h e  

1 
z1/3 

i n d i v i d u a l  atoms. 

agreed  w e l l  w i th  m o r e  exact numberical estimates. F i r s o v  

Lindhard, e t  al' found t h a t  t h i s  e s t ima te  
4 

has  also considered t h i s  p o t e n t i a l  i n  developing m o r e  

d e t a i l e d  Thomas-Fermi sc reen ing  parameters.  

S e v e r a l  au thors  have considered t h e  range of  v a l i d i t y  
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of c a l c u l a t i o n s  using such a classical  po ten t i a l1 i3  is. 

For c l a s s i c a l  approximations t o  hold t w o  condi t ions  m u s t  

be s a t i s f i e d :  (a) t h e  o r b i t  must be  w e l l  def ined ,  and 

(b)  t h e  u n c e r t a i n t y  p r i n c i p l e  must n o t  be  v i o l a t e d .  The 

f i rs t  condi t ion  r e q u i r e s  t h a t  any dimension o f  t h e  scat- 

t e r i n g  f i e l d  b e  l a r g e  compared t o  t h e  deBrogl ie  wavelength 

of t h e  i n c i d e n t  p a r t i c l e ,  t h a t  i s  a>>X. This  first 

requirement also l e a d s  t o  an upper l i m i t  on t h e  re la t ive 

v e l o c i t y  of v<<Z1Z2e2/h. 

angle ,  8 ,  produced by t h e  c o l l i s i o n  can be obta ined  from 

t h e  second cond i t ion ,  namely t h a t  e>> - Dimensions o f  

t h e  scatterer o t h e r  than  "a" are o f t e n  used i n  d i scuss ion  

A requirement on t h e  d e f l e c t i o n  

27ra' 

of c lass ical  c o l l i s i o n s ,  such a s  t h e  minimum o r  "head-on" 
2 

c o l l i s i o n  d iameter  b = Z1Z2e2 ( w h e r e  m i s  t h e  reduced m a s s  
1/2mv 

and v i s  t h e  r e l a t i v e  v e l o c i t y )  and t h e  impact parameter,  

p (see Fig. 1). A l l  of t h e  experimental  s i t u a t i o n s  i n  t h i s  

t h e s i s  f a l l  w i th in  t h e s e  classical  l i m i t a t i o n s  so t h a t  

c l a s s i ca l .  approximations may be app l i ed  f o r  t h e  t o t a l  

s c a t t e r i n g .  

For a known c e n t r a l  p o t e n t i a l ,  V ( r ) ,  t h e  d e f l e c t i o n  of  

an i n c i d e n t  charged p a r t i c l e  i n  t h e  center of mass coordi-  

n a t e s  i s  c a l c u l a t e d  c l a s s i c a l l y  from 

e 7r 2 

(der ived  i n  many s t anda rd  textbooks,  e.g.  r e f e rence  9), 
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where 0 is  t h e  d e f l e c t i o n  ang le ,  ro i s  t h e  d i s t a n c e  of 

c l o s e s t  approach, and p i s  t h e  impact parameter. 

For s c a t t e r i n g  of a beam of p a r t i c l e s  it is  customary 
d5 t o  d e f i n e  t h e  e f f e c t i v e  s c a t t e r i n g  c r o s s  s e c t i o n ,  ~ ( 0 ) ~  

as t h e  r a t i o  of t h e  number of p a r t i c l e s  s c a t t e r e d  p e r  u n i t  

t i m e  i n t o  s o l i d  angle  dQ (between 0 and 0 + do) t o  t h e  

number of i n c i d e n t  p a r t i c l e s  p e r  u n i t  t i m e .  The r e l a t i o n  

between t h e  cross s e c t i o n  and t h e  s c a t t e r i n g  angle  i s  

- do ( 0 )  = P ITI' dp 
do s i n 0  

Tables  g i v i n g  t h e  d i f f e r e n t i a l  cross s e c t i o n  and 
\ 

d i s t a n c e  of c l o s e s t  approach f o r  va r ious  va lues  o f  b/a f o r  

s c a t t e r i n g  desc r ibed  c l a s s i c a l l y  by t h e  above express ions  

and t h e  B o h r  p o t e n t i a l  h&e been c a l c u l a t e d  by Everha r t ,  

e t  a16 and by Bingham7. Bingham's t a b l e s  a r e  m o r e  

d e t a i l e d  and have been used t o  o b t a i n  c a l c u l a t e d  cross 

s e c t i o n s  f o r  comparison t o  experimental  r e s u l t s  i n  s e c t i o n  

I V .  A .  

More r e c e n t l y ,  o t h e r  forms o f  s c reen ing  have been 

employed w h i c h  m o r e  a c c u r a t e l y  d e s c r i b e  t h e  d i s t r i b u t i o n  o f  

e l e c t r o n i c  charge i n  atoms. 

p o t e n t i a l  of t h e  form V ( r )  = (-IC av exp (-r/av) where 

av = 2,8,8.. . fo r  K ,  L ,  M s h e l l s  r e s p e c t i v e l y  and 

av = ao(III/Iv)1'2, IH being  t h e  i o n i z a t i o n  p o t e n t i a l  of 

F. T.  Smith8 has  suggested a 
e 
r v  
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hydrogen and I, being t h e  c losed  s h e l l  i o n i z a t i o n  p o t e n t i a l  

? 

1,' , 

for  t h e  r e s p e c t i v e  s h e l l s  of t h e  p a r t i c u l a r  atom considered.  

The form i n d i c a t e d  f o r  t h e  screening  l e n g t h s ,  av, i s  

obta ined  from a simple hydrogenic model of t h e  charge 

d i s t r i b u t i o n .  

The classical  express ion  fo r  t h e  d e f l e c t i o n  angle  can 

dV(r )  d r  be p u t  i n t o  t h e  form 

_- 
= ,* [dr '(1/2 

i f  t h e  assumption ro = p is  used f o r  t h e  l o w e r  l i m i t  of t h e  

i n t e g r a l .  If a p o t e n t i a l  of  t h e  form V ( r )  = Z e f f / r  i s  

used t h e  i n t e g r a l  reduces t o  OT = Z e f f / p g r  where T = 1 / 2 m v 2 .  

Dose'' has  taken  the  p o t e n t i a l  suggested by Smith and used 

it wi th  t h e  express ions  given above. By equat ing  
00 

and eva lua t ing  t h e  i n t e g r a l  wi th  t h e  p o t e n t i a l  suggested 

by Smith, he o b t a i n s  va lues  o f  Z e f f  as a func t ion  o f  impact 

parameter,  p ,  f o r  protons and hydrogen atoms i n c i d e n t  on 

helium, neon, and argon. Using h i s  va lues  of Z e f f ,  t h e  

c r o s s  s e c t i o n  can be determined d i r e c t l y  from t h e  f a m i l i a r  

Rutherford formula -(o) do = 114 ( Z  Zeff e 2 ) 2  1 
dR 2T s in4  0/2 

where 2 i s  t h e  charge o f  t h e  i n c i d e n t  p a r t i c l e  ( fo r  pro tons  

Z = 1) and T is  t h e  energy as before .  A t  l eas t  f o r  helium, 

t h e  va lues  of Z e f f  ob ta ined  by Dose are i n  good agreement 

wi th  va lues  of  Z,ff ob t a ined  from a Hartree-Fock 

c a l c u l a t i o n  e 
11 
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Comparisons of cross s e c t i o n s  from Bingham's t a b l e s  

and those  obta ined  from Dose's values  of Z e f f  and t h e  

p r e s e n t  experimental  r e s u l t s  are found i n  s e c t i o n  V. 

B. Charge Trans fe r  Theories.  

1. Born Approximation. 

F i r s t  cons ider  charge t r a n s f e r  between one i n i t i a l  

s t a t e  o f  atom A and one f i n a l  s ta te  o f  a t o m  B ,  i .e. 

A+ + Bi + A 

is  t h e  t w o  s ta te  Born approximation, i n  which t h e  charge 

t r a n s f e r  amplitude i s  given by12 

+ B+. The m o s t  e a s i l y  app l i ed  approximation 
j 

where : 

(1) 

desc r ib ing  t h e  i n i t i a l  s ta te ,  i, of a t o m  B and t h e  f i n a l  

$ iB (rg) and $jA(rj\)  a r e  t h e  e l e c t r o n i c  e igen func t ions  

s t a t e ,  j, of a t o m  A r e s p e c t i v e l y .  ( 2 )  The exponent ia l  

A 

Qj express ion  d e s c r i b e s  incoming and outgoing p lane  waves, 

i s  a u n i t  v e c t o r  i n  t h e  d i r e c t i o n  of s c a t t e r i n g  (e,$). 

( 3 )  V B ( r B )  i s  t h e  p o t e n t i a l  f o r  t h e  e l e c t r o n  wi th  a t o m  

B. ( 4 )  W ( R )  d e s c r i b e s  t h e  i n t e r a c t i o n  of n u c l e i  A and 

(5) r ~ ,  rB are t h e  p o s i t i o n  v e c t o r s  of t h e  e l e c t r o n  

t o  a t o m  A and B r e s p e c t i v e l y  and r is  t h e  e l e c t r o n  vec to r  

t o  t h e  c e n t e r  of m a s s  of A and. B. (6) R i s  t h e  i n t e r -  
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nuc lea r  s e p a r a t i o n .  (Examples of u s e f u l  d i scuss ions  of 

t h i s  and o t h e r  approximations a r e  B a t e s  and McCarrol; 

r e fe rence  12,- and r e fe rence  13,  1 4 ,  15 ,  and 1 6 . )  

The t o t a l  charge t r a n s f e r  cross s e c t i o n ,  O i j t  between 

any two s t a t e s  can be obta ined  f r o m  t h e  above express ion  

by i n t e g r a t i n g  t h e  square  o f  t h e  abso lu te  va lue  of t h e  

amplitude over s c a t t e r i n g  ang le s  0 ,  @. 
There are several l i m i t a t i o n s  on t h e  range of 

v a l i d i t y  of t h i s  r e s u l t .  A weak i n t e r a c t i o n ,  W(R), i s  

assumed. Many cases of charge t r a n s f e r  are n o t  weak 

i n t e r a c t i o n s  so t h a t  t h i s  approximation i s  always suspec t .  

Beyond t h i s ,  t h e  weak i n t e r a c t i o n  c r i t e r i o n  is  v i o l a t e d  i n  

close c o l l i s i o n s  r e s u l t i n g  i n  s c a t t e r i n g  t o  l a r g e  a n g l e s .  

A l s o ,  t h e  r e l a t i v e  v e l o c i t y  of  t h e  c o l l i d i n g  atoms must 

be s u f f i c i e n t l y  f a s t  t h a t  t h e  d e s c r i p t i o n  of t h e  t a r g e t  

by u n d i s t o r t e d  atomic wave func t ions  remains v a l i d  and 

t h a t  t h e  v e l o c i t y  is  c o n s t a n t  during t h e  c o l l i s i o n .  I n  

g e n e r a l ,  t h e  p e r t u r b a t i o n  of t h e  i n t e r a c t i o n  p o t e n t i a l ,  

3 

W ( R ) ,  on t h e  wave d e s c r i p t i o n  of t h e  atomic states must 

be much g r e a t e r  than  t h e  p e r t u r b a t i o n  on t h e s e  states due 

t o  t h e  r e l a t i v e  motion. This  cond i t ion  i s  b e s t  s a t i s f i e d  

a t  h igh  v e l o c i t i e s .  The l i m i t s  of  v a l i d i t y  are made c l e a r  

on ly  by comparison t o  experiment. 
+ T o t a l  charge t ransfer  c r o s s  s e c t i o n s  f o r  H++He+H+He 



11. 

have been c a l c u l a t e d  i n  t h i s  approximation, by Mapleton17. 

The r e s u l t s  a r e  i n  f a i r  agreement wi th  experiment28 for  

ene rg ie s  above 50 k e V .  This  agreement may be p a r t l y  due 

t o  t h e  l a r g e  c o n t r i b u t i o n  of d i s t a n t  c o l l i s i o n s  (weak 

i n t e r a c t i o n )  t o  t h e  t o t a l  charge t r a n s f e r .  (Fig. 4 

shows t h e  r e s u l t s  of Mapleton’s c a l c u l a t i o n  f o r  t h e  

t o t a l  c r o s s  s e c t i o n  f o r  t r a n s f e r  t o  t h e  2 s  s ta te  i n  

H+ + H e  c o l l i s i o n s . )  

I f  it is  d e s i r e d  t o  c a l c u l a t e  charge t r a n s f e r  

p r o b a b i l i t i e s  t o  a f i n a l  s ta te  which may be inf luenced 

by o t h e r  nearby states o r  some in t e rmed ia t e  s ta te ,  f o r  

example i n  an exchange such as ,  H + + H e  -f H(n=2 s ta tes)  + 

H e  ; then  d i r e c t  a p p l i c a t i o n  of t h e  above t w o  s ta te  

approximation should n o t  be  expected t o  g ive  a c c u r a t e  

r e s u l t s .  It  i s  appropr i a t e ,  i n  t h i s  case, t o  use  an 

approximation where t h e  e f f e c t s  of t h e s e  o t h e r  states 

can be  included more d i r e c t l y .  

+ 

The comparison of t h i s  theory  w i t h  experiment 

c l e a r l y  shows t h a t  t r a n s f e r  t o  t h e  2 s  s t a t e  of hydrogen 

i n  t h e  energy range 3 - 20 k e V  w i l l  n o t  be a c c u r a t e l y  

descr ibed  by t h e  two-state  Born approximation. 

2 .  Impact Parameter Method. 

An a l t e r n a t i v e  formulat ion which a l s o  relies on t h e  

v a l i d i t y  of c lass ical  t r a j e c t o r i e s ,  b u t  which can be 
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constructed to allow for some distortion (change of 

energy levels) during collision, and to allow for the 

influence of intermediate states, is the coupled state 

impact parameter formulation. 

In the impact parameter formulation the wave function 

for the system A+ + 13 -+ A + B+ is expanded in terms of a 
finite number of the atomic eigenfunctions of the 

separated atoms. Generally, the eigenfunctions used 
-- 

include the ground state, xp(rB), of the target atom, B ,  

and a few of the eigenfunctions, $,(rA), of the atom 

formed from projectile, A+, when it receives an electron. 

That is , 
1 

A 4 V, Ep and Em are the eigenenergies of the 'B where ZB = 

respective eigenfunctions, (see references 14 and 3 3 )  

The expansion coefficients, bpm(t) , for a given v, 

If the charge transfer depend on p and + as well as t. 
from state p of atom B to state j of atom A is required, 

then it is necessary to solve for bpj(m). 

of transfer to the state j is then Ppj(p,$) = ~bpj(m)~~ 

The probability 

at a particular impact parameter. (For classical 
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trajectories there is a one-to-one correspondence between 

p and 0 . )  The coupled equations for these coefficients 

are obtained from substitution of the const'ructed wave 

function, Y (r ,t), into the electronic wave equation 

He YJ (rB,t) = i a t  yp(rB,t) where 

He E= - - V *  + VA + VB + electron-electron interactions, 
and VA and VB are the potentials between the electron-and 

P B  
a 

R2 
2m 

A and B respectively. 

The probability, Ppj, is the most direct quantity 

predicted by this theory. The most critical comparisons 

between experiment and theory thus are obtained from 

measured values of Ppj ( P )  . , However, the quantity desirbd 

for most applications, and which is frequently measured, 

is the total cross section. This cross section can be 

obtained from the theory by 

which usually can be simplified to 

'Pj 
0 

The comparison of experimental total cross sections to 

those predicted by theory is not as critical as 

comparisons of probabilities because of the averaging 

effects of the integration and the large contribution for 

I 
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l a r g e  va lues  of p .  

A two-s ta te  impact parameter s o l u t i o n  of t h i s  t y p e  is 

known t o  be  equ iva len t  t o  t h e  Born formula t ion l4 ,  so that: 

a d d i t i o n a l  states must be  included i n  t h e  expansion and 

e f f e c t s  such as d i s t o r t i o n  included be fo re  t h e  impact 

parameter technique can be expected t o  improve on Born 

r e s u l t s .  -- 

I n  p r a c t i c e  t h e  c a l c u l a t i o n s  may be t ed ious  and t h e  

accuracy w i l l  depend on how w e l l  t h e  system i s  descr ibed  

by t h e  wave func t ion  chosen and how a c c u r a t e  t h e  p o t e n t i a l  

terms i n  t h e  Hamiltonian are. 

D i s t o r t i o n  i s  q u i t e  important  a t  lower v e l o c i t i e s .  

To f i r s t  o r d e r ,  d i s t o r t i o n  is included by g e n e r a l i z i n g  

t h e  expansion c o e f f i c i e n t s  i n  such a way t h a t  t h e  

unperturbed e igenene rg ie s ,  s, are Eeplaced by ~ = ~ + v m  

( f o r  de ta i l s  see re fe rence  1 4 ) .  H e r e ,  a s  i n  t h e  o r i g i n a l  

impact parameter formula t ion ,  w e l l  def ined  s t a t i o n a r y  

states are assumed t o  e x s i s t .  For s m a l l  impact parameter,  

v i o l e n t  c o l l i s i o n s ,  t h e  t r a n s i t i o n s  w i t h i n  t h e  quas i -  

molecule formed during t h e  c o l l i s i o n  may n o t  be a d i a b a t i c  

and w e l l  def ined  states may n o t  e x s i s t  even i n  reasonably 

s l o w  c o l l i s i o n s .  
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For s u f f i c i e n t l y  l o w  v e l o c i t i e s  t h e  impact parameter 

method may f a i l  even wi th  many e igenfunct ions  included 

i n  t h e  wave func t ion  expansion and d i s t o r t i o n  accounted 

for.  Then it i s  necessary t o  f i n d  new wave func t ion  

expansions which m o r e  adequately r e p r e s e n t  t h e  system, such 

as t h e  e igenfunct ions  of  t h e  quasi-molecule formed by t h e  
I 

c o l l i d i n g  p a r t n e r s .  _--- 

Again, t h e  range of v a l i d i t y  of t h e s e  impact parameter 

c a l c u l a t i o n s  i s  best e s t a b l i s h e d  by comparison of t heo ry  

and experiment ,, 

The impact parameter method has  been app l i ed  success- 

f u l l y  t o  s e v e r a l  charge t r a n s f e r  problems. 

system f o r  charge exchange i s  H+ + H + H f H+. 

exchange has  been t r e a t e d  by several au tho r s  i n  t h e  impact 

The s i m p l e s t  

Th i s  

parameter formalism. Among t h e  m o r e  s u c c e s s f u l  c a l c u l a -  

t i o n s ,  Wilets and Gallahe&* and Love11 and McElroylg, 

have c a l c u l a t e d  t h e  t o t a l  ( a l l  angles )  t r a n s f e r  t o  t h e  1s 

s ta te  and 2 s  and 2p states of  hydrogen and have shown 

r e s u l t s  f o r  t h e  p r o b a b i l i t y  P p j  f o r  ground s ta te  t r a n s f e r  

a t  a p a r t i c u l a r  s c a t t e r i n g  ang le  (Fig.  2 ) .  W i l e t s  and 

Gal laher  expand t h e  wave func t ion  i n . t e r m s  of t h e  eigen- 

func t ions  of Is, 2 s ,  2p0, 2 p + l r  cen te red  about bo th  

n u c l e i .  For t h e  t o t a l  cross s e c t i o n  f o r  t r a n s f e r  t o  

- 

H ( 1 s )  t h e i r  r e s u l t s  are i n  reasonable  agreement w i t h  t h e  

measurements of McClure20 ( a l l  above 2 keV). For cross 

. !  
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s e c t i o n s  of t r a n s f e r  t o  t h e  n=2 states they  are i n  good 

agreement wi th  t h e  2 s  measurements by Bayfield21 and i n  

f a i r  agreement w i t h  t h e  2 s  measurements of C o l l i ,  e t  a122, 

and i n  f a i r  agreement wi th  measurements f o r  t h e  2p s ta te  

by Stebbings,  e t  alZ3. 

The measurements of t h e  p r o b a b i l i t y  of t r a n s f e r  t o  

any s ta te  by Everhar t ,  e t  a lZ4,  a t  a cons t an t  s c a t t e r i n g  

angle  for  H+ + H c o l l i s i o n s ,  show an i n t e r e s t i n g  
- 

o s c i l l a t i n g  s t r u c t u r e  as a f u n c t i o n  of c o l l i s i o n  t i m e ,  

sometimes referred t o  as resonance ( to  be d i scussed  i n  

t h e  next  s e c t i o n ) .  Th i s  o s c i l l a t i o n  i s  due t o  i n t e r -  

f e rence  between t r a n s f e r  amplitudes of t h e  lowest 

symmetric and antisymmetric 'states of t h e  H2+ system. 

The W i l e t s  and Gallaher c a l c u l a t i o n  reproduces the measured 

o s c i l l a t i o n s  of Everhar t ,  e t  a1 except  t h a t  the c a l c u l a t e d  

o s c i l l a t i o n s  are o u t  of phase by about one f o u r t h  c y c l e  

(Fig. 2 ) .  

An impact parameter c a l c u l a t i o n  by Cheshire25 fo r  

Hs' -I- H c o l l i s i o n s  has included t h e  e f f e c t  of screening  

of t h e  nuc lea r  charge of the t a r g e t  hydrogen a t o m  by t h e  

e l e c t r o n .  Only s l i g h t  improvement i n  t h e  agreement wi th  

experiment by Everha r t ,  e t  a1 i s  obta ined ,  b u t  t h e  

technique may be important  t o  o t h e r  systems where 

screening  i s  more important .  

Of more d i r e c t  i n t e r e s t  t o  t h i s  r e p o r t  are t h e  
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c a l c u l a t i o n s  of charge t r a n s f e r  f o r  t h e  system 

H+ C H e  + HeC + H ,  Severa l  impact parameter c a l c u l a t i o n s  

of t o t a l  t r a n s f e r  cross s e c t i o n s  t o  t h e  ground s ta te  of 

hydrogen have been done i n  a t w o  state approximation, 

fo r  example by Green, e t  a126,27. I n  t h e  range 6 t o  

'100 keV t h e  c a l c u l a t i o n s  of t h e  t o t a l  cross s e c t i o n  f o r  

t r a n s f e r  t o  H ( 1 s )  by Green, e t  a1 are i n  good agreement 

wi th  experiment28, which inc ludes  cap tu re  t o  h igher  
/ 

states of hydrogen. I n  t h e  range,  6 - 40 keV, t h e  

c a l c u l a t i o n s  by Green, e t  a l ,  ag ree  b e t t e r  wi th  experiment 

than  s i m i l a r  previous c a l c u l a t i o n s .  Th i s  may be because 

of i n c l u s i o n  of  d i s t o r t i o n  a f f e c t s  i n  t h e  c o l l i s i o n .  

Green27 also publ ished , c a l c u l a t i o n  of t h e  t r a n s f e r  

p r o b a b i l i t y  f o r  cap tu re  i n t o  H (Is) a t  p a r t i c u l a r  impact 

parameters  for  comparison t o  t h e  experiment of Helbig and 

Everhar ta9  who measured p r o b a b i l i t y  f o r  cap tu re  i n t o  a l l  

states of hydrogen a t  s m a l l  impact parameters i n  t h e  

c o l l i s i o n  H+ f H e  --.He+ + H a t  energies between 1 and 

1 0 0  keV (see Fig .  3 ) .  I n  t h i s  a p p l i c a t i o n  t h e  theory  

c o r r e c t l y  p red ic t ed  t h e  p o s i t i o n s  of t h e  observed 

o s c l l l a t i o n  peaks,  b u t  f a i l e d  t o  o b t a i n  s a t i s f a c t o r y  

agreement wi th  t h e  observed magnitudes of t h e  peaks. 

( I n  Fig.  3 t h e  d i s t a n c e  of closest approach, Ro, has  been 

r e l a t e d  t o  t h e  product  of s c a t t e r i n g  angle  and i n c i d e n t  

energy,  0T. This  r e l a t i o n s h i p ,  us ing  t h e  impact para- 

m e t e r ,  p ,  r a t h e r  t han  %, has  been d i scussed  i n  s e c t i o n  11.) 
i 
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Two- s ta te  impact parameter c a l c u l a t i o n s  have been 

used by Polvetkov and P r e s n y a k o ~ ~ ~  t o  ob ta in  SOme under- 

s t and ing  of  observed t o t a l  ( a l l  angles )  charge t r a n s f e r  t o  

t h e  2p s ta te  o f  hydrogen i n  H+ f H e  -+ H(2P) + He+ 

H+ + N e  -+ ~ ( 2 p )  + H e + .  T h i s  i n v e s t i g a t i o n  (6-40 keV) 

added t h e  d i r e c t  t r a n s f e r  t o  H(2p) and t r a n s f e r  through 

t h e  r i v a l  ground s ta te  t o  t h e  2p state. Jaecks ,  e t  a1 

had suggested t h a t  t h e  observed double maxima i n  t h e s e  

and 

31 
--c 

cross s e c t i o n s  could be i n t e r p r e t e d  as a r i s i n g  s e p a r a t e l y  

from t h e  d i r e c t  t r a n s f e r  and t r a n s f e r  through t h e  ground 

state. The q u a l i t a t i v e  agreement between t h e  two state 

c a l c u l a t i o n s  and t h e  experiments o f  P r e t z e r ,  e t  a131, 32 

and Andreev, e t  a133 SGpports t h e  sugges t ion  o f  coupl ing 

through t h e  ground s t a t e .  

More r e c e n t l y  L. T. S in  Fa i  ~ m 3 4  has publ i shed  

impact parameter c a l c u l a t i o n s  f o r  t h e  H+ + H e  system wi th  

a d i r e c t  bea r ing  on t h i s  r e p o r t .  This  c a l c u l a t i o n  employs 

expansion o f  t h e  wave func t ion  i n  terms of  t h e  fou r  

a t o m i c  e igenfunct ions  o f  IS, 2 s ,  2p0r 2 ~ 5 1  states of  

hydrogen (with ground s ta te  of H e + )  , and t h e  i n i t i a l .  

ground s ta te  of helium. Ca lcu la t ion  of  t h e  t o t a l  charge 

t r a n s f e r  c ros s  s e c t i o n s  ( inc lud ing  t r a n s f e r  t o  a l l  4 
3 

hydrogen states) y i e lded  nea r ly  t h e  same r e s u l t s  as ob ta in -  

ed by Green f o r  t r a n s f e r  t o  t h e  Is state .  The c a l c u l a t i o n  

of t h e  t o t a l  t r a n s f e r  c ros s  s e c t i o n  t o  t h e  2 s  s ta te  of 

hydrogen gave q u a n t i t a t i v e  agreement wi th  experiment from 

1 

&.. -. I .  .. " . .. 
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3 t o  1 0 0  k e V  (where d a t a  i s  available) except  f o r  a 

shoulder  seen  by all observers  around 1 2  keV. The 

comparison i s  i l l u s t r a t e d  by Fig.  4 ,  reproduced from 

ref. 35, where some of  t h e  d a t a  has  been renormalized. 

O f  g r e a t e s t  importance t o  t h i s  r e p o r t ,  S in  F a i  Lam 

ca lcu la t ed  t h e  charge t r a n s f e r  p r o b a b i l i t i e s  t o  t h e  2s 

and 2p states as a func t ion  of  impact parameter for  a f e w  

ene rg ie s  and as a func t ion  of energy a t  a f ixed  s m a l l  

impact parameter.  These r e s u l t s  w i l l  be compared t o  

-- 

presen t  experimental  measurements f o r  t h e  2 s  s tate i n  

s e c t i o n  V. 

Sin  F a i  Lam's p r e d i c t i o n  of t h e  t o t a l  charge 

t r a n s f e r  f r a c t i o n  a t  a f ixed  impact parameter w a s  s i m i l a r  

t o  t h a t  of Green, showing t h e  same r e l a t i o n s h i p  t o  t h e  

measurements of  Everhar t ,  e t  a1 (Fig.  3 ) .  

C. The - Quasi-Molecule Approach 

1. Resonance 

The a p p l i c a t i o n  of  quantum mechanics t o  t h e  H2+ 

molecule l e d  t o  development o f  t h e  concept o f  t h e  e l e c t r o n  

o s c i l l a t i n g  between t h e  two n u c l e i  . 
in t roduced  t h e  term resonance i n  t h e  quantum d e s c r i p t i o n  

of e x c i t e d  s t a t e s  of  helium because t h e  behavior  of t w o  

degenerate  states w a s  analogous t o  t h e  c l a s s i c a l  system of  

H e i ~ e n b e r g ~ ~  

two coupled o s c i l l a t o r s  cus tomar i ly  desc r ibed  as exchang- 

ing  energy by resonance. The concept w a s  app l i ed  t o  t h e  
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s e p a r a t i o n ,  t h e  two lowest s t a t i o n a r y  states o f  t h i s  

molecule are symmetric and antisymmetric states 

cons t ruc ted  f r o m  t h e  sum of  states o f  H A ( I S )  HB+ 

HA+ H g ( 1 s ) .  

and 

I n  t h e  cons t ruc t ion  of t h e  symmetric and 

antisymmetric states,  a resonance exchange of t h e  

e l e c t r o n  between H A ( ~ s )  Hg+ and ' H A + H B ( I S )  arises, wi th  t h e  
--- 

charge exchange frequency E/h where E i s  t h e  energy 

sepa ra t ion  between t h e  symmetric and antisymmetric states. 

I t  i s  t h i s  resonance i n  t h e  quasi-molecule of H2+ 

formed dur ing  t h e  H+ + H c o l l i s i o n  which causes  t h e  

o s c i l l a t i o n  i n  charge t r a n s f e r  p r o b a b i l i t y  observed by 

Everhar t ,  e t  a124 (Fig.  2 )  e , During t h e  c o l l i s i o n  t h e  

e l e c t r o n  i s  o s c i l l a t i n g  between t h e  t a r g e t  and t h e  

p r o j e c t i l e  as descr ibed  f o r  t h e  H2+ molecule. 

re la t ive  v e l o c i t y  of t h e  c o l l i s i o n  is increased  t h e  

e l e c t r o n  is  l e f t  a l t e r n a t e l y  on t h e  t a r g e t  and t h e  

p r o j e c t i l e ,  r e s u l t i n g  i n  r e g u l a r  o s c i l l a t i o n  of t h e  

charge t r a n s f e r  p r o b a b i l i t y  with c o l l i s i o n  time. 

As t h e  

2. Per turbed  S t a t i o n a r y  S t a t e s .  

The resonance concept,  a r i s i n g  i n  t h e  d e s c r i p t i o n  of 

t h e  H2+ molecule,  relates m o s t  d i r e c t l y  t o  t h e  charge 

exchange during c o l l i s i o n s  when t h e  v e l o c i t y  of t h e  

c o l l i d i n g  atoms is  s u f f i c i e n t l y  s l o w  t h a t  t h e  system is  

m o s t  a c c u r a t e l y  descr ibed  by molecular  e i g e n s t a t e s .  I n  
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t h i s  case, t h e  system wave func t ion  is  expanded i n  two- 

c e n t e r ,  bound s ta te  e i g e n f u n c t i o n s . r a t h e r  than  i n  t e r m s  of 

s i n g l e - c e n t e r  e igen func t ions  of  t h e  i n d i v i d u a l  a t o m s .  

The o r i g i n a l  procedure f o r  such a per turbed  

s t a t i o n a r y  s ta te  expansion w a s  given by Mott3'. Again, 

fo r  t h e  system A+ + B + A + B+, r e q u i r e  t h a t  t h e  system 

wave func t ion ,  Y ( r , R ) ,  s a t i s f y  t h e  wave equat ion  - 
VR2-  V + @(rg)  + V A ( r A )  + W(R) IY = EY ?I2 -m Z m r  

where M is t h e  reduced n u c l e a r  mass, m is t h e  e l e c t r o n  

mass, r is  t h e  e l e c t r o n  coord ina te  r e l a t i v e  t o  t h e  c e n t e r  

of m a s s  of A and B ,  and R i s  t h e  s e p a r a t i o n  o f  n u c l e i  A 

and B. 

I t  is  assumed t h a t  t h e r e  e x i s t  molecular e l e c t r o n i c  

e i g e n s t a t e s ,  x ( r , R ) ,  f o r  which 

is s a t i s f i e d .  I t  is  necessary t o  d i s t i n g u i s h  t w o  forms of 

e l e c t r o n i c  e igen func t ions ,  x ( r , R ) ;  t hose  which t end  t o  

a t o m  A as R -+ 03 and t h o s e  which tend  t o  a t o m  B. That  i s ,  

where t h e  $PB and $sA are atomic e igenfunct ions  of a t o m s  

B and A r e s p e c t i v e l y .  

The system wave func t ion  Y ( r , R )  i s  now expanded as a 

l i n e a r  combination o f  t h e  molecular  e igenfunct ions  

. ~ _. . . . ... . . .. , .I . , . . ...., , ._ .. . .-,. -- .. . . 
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;. y- When t h i s  wave func t ion  i s  s u b s t i t u t e d  i n t o  t he  f i rs t  wave 

equat ion ,  which i t  must s a t i s f y ,  coupled equat ions  fo r  

bq(m) can be obta ined  and t h e  p r o b a b i l i t y  of  t h e  e l e c t r o n  

ending i n  s ta te  +qA of atom A i s  t h u s  obta ined  i n  a manner 

s i m i l a r  t o  t h e  impact parameter t rea tment .  T h e  cross, 

s e c t i o n s  are then  obta ined  as i n  t h e  impact parameter method. 

Unfortunately,  s e v e r a l  d i f f i c u l t i e s  arise w i t h  t h i s  

approach. This  o r i g i n a l  formulat ion has n o t  included any 

effects of t h e  t r a n s l a t i o n  motion. B a t e s  (see re fe rence  

1 4 )  has shown t h a t  t h i s  omission l e a d s  t o  s e r i o u s  e r r o r  

because t h e  r o t a t i o n  of t h e  i n t e r n u c l e a r  l i n e  g i v e s  rise 

t o  coupling terms f o r  any states which are n o t  s p h e r i c a l l y  

symmetric. I n  fact  t h e  o r i g i n a l  formulated theo ry  had 

taken  i n t o  account only m a t r i x  elements j o in ing  t h e  

states of t h e  quasi-molecule which t e n d  t o  t h e  i n i t i a l  

and f i n a l  states of i n t e r e s t ,  i .e. coupling between var ious  

states of t h e  quasi-molecule had n o t  been included.  I n  

a d d i t i o n  t o  t h e  coupling in t roduced  by t h e  r o t a t i o n ,  it i s  

necessary t o  inc lude  coupl ing between any molecular  states 

which have p o t e n t i a l  energy curves which l i e  close t o  t h e  

s ta te  of i n t e r e s t ,  e s p e c i a l l y  fo r  s m a l l  impact parameter 

c o l l i s i o n s  where e l e c t r o n i c  ene rg ie s  are n o t  p r e c i s e l y  

def ined .  The equat ions  r e s u l t i n g  f r o m  i n c l u s i o n  of such 
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coupl ing  are complicated,  t h u s  c a l c u l a t i o n s  have been 

s u c c e s s f u l l y  performed only f o r  cases where such coupl ing 

can be ignored.  

Coupling terms can be ignored i n  cases where only  

s p h e r i c a l l y  symmetric i n i t i a l  and . f i n a l  states e n t e r  and 

for  which no o t h e r  molecular e i g e n s t a t e s  l i e  c l o s e  t o  t h e  

e i g e n s t a t e  connect ing t h e  i n i t i a l  and f i n a l  states of  

i n t e r e s t .  The only  cases where these  cr i ter ia  are found 
c 

t o  be  w e l l  obeyed are resonance t r a n s f e r  (when f i n a l  

electronic energy i s  unchanged by t r a n s f e r )  between 

s p h e r i c a l l y  symmetric states,  such as H+ -f- H ( l s )  

o r  H e f ( 3 . s )  + H e ( l s ) 2  4 H e ( l s ) 2  + H e + ( l s ) .  

H ( l s ) + H +  

J 

A n  a p p l i c a t i o n  o f  t h e  resonance concept through 

pe r tu rbed  s t a t i o n a r y  state c a l c u l a t i o n  of c o l l i s i o n s  of 

Hf. + H w a s  made by B a t e s ,  e t  a140 i n  1953, For close 

c o l l i s i o n s ,  t h e  charge  t r a n s f e r  p rGbab i l i t y  w a s  p red ic t ed  

t o  o s c i l l a t e  between 0 and 1. The experimental  work of 

Eve rha r t ,  e t  a1 showed such o s c i l l a t i o n s ,  bu t  t h e  

ampli tude w a s  damped (not  reaching 0 o r  1). The observed 

o s c i l l a t i o n s ,  as a func t ion  o f  i nve r se  v e l o c i t y  ( c o l l i s i o n  

t i m e ) ,  w e r e  o u t  of phase wi th  t he  c a l c u l a t e d  o s c i l l a t i o n s  

by about  7r/4 (as w a s  t h e  case f o r  t h e  similar impact 

parameter  c a l c u l a t i o n 1 8 ) .  

Srnith4l showed t h a t  even f o r  t h e  s imple H+ + H case, 

coupl ing  between 2p uu and 2p m u  states of t h e  quas i -  

A p . s . s ,  c a l c u l a t i o n  by F. J. 

i 
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molecule had t o  b e  included be fo re  q u a n t i t a t i v e  agreement 

: ' $2' 

between theory  and experiment could be  obtained (see F ig .2 ) .  

The prospec t  of ca r ry ing  o u t  adequate per turbed  

s ta te  c a l c u l a t i o n s  f o r  sys t ems  such as H+ + H e  i s  

apparent ly  poor,  I n  t h e  s i t u a t i o n  of i n t e r e s t  i n  t h i s  

- t h e s i s ,  where t h e  hydrogen atom is  formed i n  t h e  2 s  s tate 

f r o m  c o l l i s i o n  of  H+ + H e ,  t h e r e  a r e  s e v e r a l  nearby 

molecular s t a t e s  tending t o  d i f f e r e n t  atomic conf igugat ions  

I 

i 
i 

_ l .  

i n  s epa ra t ed  a t o m  l i m i t  (see Fig ,  5). 

3 .  Semi Empir ical  Approach. 
- .  

Lockwood and E ~ e r h a r t ~ ~  observed t h a t  t h e i r  r e s u l t s  

fo r  resonant  capture ,  H+ + H, -+ H + H', could be repre-  

s en ted  empi r i ca l ly  by t h e  equat ion 

- B l  
n<Ea> 

vh = K l ( l / v )  + K 2 ( l / v )  s i n 2  [ 

where "a" is  t h e  d i s t a n c e  over which t h e  c o l l i s i o n  t a k e s  

p l ace ,  E i s  t h e  energy, and K 1  and K2 are slowly varying 

func t ions  of l /v.  

result is  equ iva len t  t o  per turbed  s t a t i o n a r y  s ta te  r e s u l t s  

of B a t e s ,  e t  a14*. 

t h e  da t a .  The o s c i l l a t i o n s  o f  t r a n s f e r  p r o b a b i l i t y  are 

With K1 = 0 ,  B = 0 and K2 = 1, t h i s  

The q u a n t i t y  < E a >  i s  determined from 

observed t o  be  q u i t e  r e g u l a r  as a func t ion  of l/v. The 

pe r iod  o f  o s c i l l a t i o n  i s  T = - -- a a -  h 
- E Vn vn+2 

where n denotes  h from which <Ea>, = 
l/vn+2 - 1/vn) 
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a p a r t i c u l a r  peak o r  v a l l e y  i n  t h e  observed o s c i l l a t i o n .  

Using t h e  va lue  o f  <Ea> from t h e  d a t a  and a d j u s t i n g  t h e  

phase,  B ,  t h e  equat ion  given provides  an e x c e l l e n t  f i t  t o  

Lockwood and E v e r h a r t ' s  d a t a .  The va lue  of B ob ta ined  i s  

n e a r  v/4.  

LichtenB3 d i s c u s s e s  t h e s e  r e s u l t s  and t h e  equa t i cn  

g iven  by Lockwood and Everhar t .  H e  p o i n t s  o u t  t h a t  

o s c i l l a t i o n s  i n  t h e  charge t r a n s f e r  p r o b a b i l i t y  arise f r o m  

i n t e r f e r e n c e  between symmetric and antisymmetric e l e c t r o n i c  

states which t end  t o  t h e  s a m e  s e p a r a t e d  atom conf igu ra t ion .  

Competit ion f r o m  nearby states w i l l  cause damping of t h e  

o s c i l l a t i o n s  ( a s  a l r eady  seen  from pe r tu rbed  s t a t i o n a r y '  . 

s t a t e  c a l c u l a t i o n s )  and may even des t roy  them. F u r t h e r ,  

f o r  o s c i l l a t i o n s  i n  charge t r a n s f e r  t o  occur ,  t h e  

e l e c t r o n i c  energy levels  of symmetric and antisymmetric 

states must be s u f f i c i e n t l y  sepa ra t ed  i n  energy t o  a l l o w  

many o s c i l l a t i o n s  o f  t h e  charge p r o b a b i l i t y  du r ing  t h e  

c o l l i s i o n .  Thus Lichten  concludes t h a t  o s c i l l a t i n g  

charge  exchange occurs  m o s t  f avorably  when t h e  r a t i o  of 
. 

energy s p l i t t i n g  between symmetric and ant isymmetr ic  s t a t e  

t o  the width  of t h e  band of competing s t a t e s  i s  l a r g e .  H e  

also d i s c u s s e s  t h e o r e t i c a l  de te rmina t ion  of t h e  q u a n t i t y  

< E a > ,  
i! 

The t o t a l  charge t r a n s f e r  p r o b a b i l i t i e s  f o r  close 

c o l l i s i o n s  o f  Hf + H e  -t H + H e + ,  measured by Helbig and 
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Everhartag,  are o f  m o r e  d i r e c t  i n t e r e s t  t o  t h e  p r e s e n t  

work. 

a b l e  damping (Fig.  3 ) .  Again t h e  empi r i ca l  equat ion  given 

above was found t o  provide a good d e s c r i p t i o n  of  t h e s e  

o s c i l l a t i o n s .  

The observed p r o b a b i l i t y  oscillates wi th  consider-  

L i ~ h t e n ~ ~  has  also d iscussed  t h e s e  r e s u l t s  , c a l l i n g  

t h e  o s c i l l a t i o n s  quasi-resonant .  The t e r m  quasi-resonant  

i s  app l i ed  because t h e  measured p r o b a b i l i t i e s  e x h i b i t  -- 

o s c i l l a t i o n s  which are r e g u l a r  as a func t ion  of  co l l i s ion  

t i m e ,  fol lowing t h e  resonance concept developed for  H+ + H 

c o l l i s i o n s .  However, t h e  H+ + H e  -+ H + H e +  t r a n s f e r  i s  

n o t  resonant  wi th  r e s p e c t  t o  e l e c t r o n i c  ene rg ie s  i n  t h a t  

t h e  i n i t i a l  and f i n a l  e l e c t r o n i c  e n e r g i e s  a r e  d i f f e r e n t .  

This  energy d i f f e r e n c e  c o n t r i b u t e s  t o  t h e  damping. 

Lich ten  p o i n t s  o u t  t h a t  t h e  empi r i ca l  equat ion  can 

be p u t  i n t o  f o r m  i d e n t i c a l  w i t h  t h a t  fo r  a damped harmonic 

o s c i l l a t o r ,  

P, = e-T/To s in2  - B l  

where T i s  t h e  pe r iod  of o s c i l l a t i o n  and X is  t h e  

e f f e c t i v e  range o f  t h e  i n t e r a c t i o n .  H e  also e s t a b l i s h e s  

cr i ter ia  f o r  o s c i l l a t i o n s  t o  ex is t .  One cond i t ion  is  

t h a t  AE.r<<l ( i n  atomic u n i t s )  so t h a t  t r a n s i t i o n s  w i l l  

t ake  p l ace  i n  s p i t e  of t h e  d i f f e r e n c e ,  AE, i n  i n i t i a l  and 

f i n a l  e l e c t r o n  energy (T is  t h e  c o l l i s i o n  t i m e ) .  F u r t h e r ,  

as mentioned i n  t h e  resonant  case, t h e  energy levels 
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during t h e  c o l l i s i o n  must be widely sepa ra t ed  i n  o rde r  t h a t  

many changes of  charge occur .  Fo r . c lose  c o l l i s i o n s  t h i s  

i s  [ E 2 ( 0 )  - E x ( O ) ] - r > > l  (where E 2  and E 1  are t h e  energy 

l e v e l s  of t h e  states between which charge t r a n s f e r  occur s ,  

t h e  ( 0 )  denot ing t h a t  t h e  d i s t ance  of approach o f  t h e  n u c l e i  

i s  approximately zero.  ) These two cond i t ions  toge the r  are 

1 

i 

For t h e  H+ + H e  system, t h e  u n i t e d  atom l i m i t  is  Li+ .  

A c o r r e l a t i o n  diagram i s  shown i n  F ig .  5 and demonstrates 

t h a t  L ich ten ' s  c r i t e r i o n  is  s a t i s f i e d  f o r  charge t r a n s f e r  

to t h e  ground s ta te  of hydrogen i n  close c o l l i s i o n s .  

Q u a n t i t a t i v e  understanding of these charge t r a n s f e r  

o s c i l l a t i o n s  r equ i r e s  d e t a i l e d  knowledge of  t h e  

e l e c t r o n i c  energy l e v e l s  a t  a l l  d i s t a n c e s  of nuc lea r  

s epa ra t ion .  Some of t h i s  knowledge can be supp l i ed  w i t h -  

ou t  exac t  wave func t ions  and without  c a l c u l a t i o n s  describ- 

ing  the  e n t i r e  c o l l i s i o n .  The  energy l e v e l s  of t h e  quas i -  

moiecule a t  var ious  nuc lea r  s epa ra t ions  can be obta ined  

by s e l f  c o n s i s t e n t  energy c a l c u l a t i o n s  employing l i n e a r  

combinations of atomic o r b i t a l s  o r  molecular o r b i t a l s .  I n  

t h i s  way an energy l e v e l  diagram showing t h e  behavior  o f  

var ious ,  states of t h e  system f o r  changing i n t e r n u c l e a r  

d i s t ance  i s  obta ined .  Some of t h i s  work, f o r  the system 

of i n t e r e s t ,  (H -k He), has  been c a r r i e d  o u t  by 14. H. 
4 

/ 
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M i ~ h e l s ~ ~  , and is  represented  

n u c l e a r  repuls ion  i s  included 
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by Fig .  5. Even though t h e  

i n  t h i s  diagram, t h e  

complication f o r  t r a n s f e r  t o  H ( 2 s )  ' a r i s ing  from competi- 

t i o n  of several nearby states i s  demonstrated. 

Some a p p l i c a t i o n  of t h e  Everhar t  formula and Lichten  

c r i t e r i o n  t o  t h e  p r e s e n t  r e s u l t s  fo r  t r a n s f e r  t o  t h e  2 s  

state  i n  H+ + H e  c o l l i s i o n s  w i l l  be attempted when these 
. *  __-- r e s u l t s  are presented  i n  s e c t i o n  V. 
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111. THE EXPERIMENT 

A. Experimental Arrangement 

1. Schematic of t h e  Apparatus, 

The experiment w a s  conceived t o  measure t h e  f r a c t i o n  

o f  t h e  charge t r a n s f e r  which ended i n  t h e  2 s  s t a t e  of 

hydrogen f r o m  c o l l i s i o n s  o f  pro tons  wi th  rare gas  t a r g e t  

atoms. A schematic  o f  t h e  experimental  arrangement i s  

shown i n  f i g u r e  6 .  A conceptual  d e s c r i p t i o n  of t h e  

experiment i s  given below; b u t  t h e  appara tus  w i l l  be 

described i n  d e t a i l  i n  s e c t i o n  111. B. 

Pro tons  are s e l e c t e d  f r o m  t h e  ou tpu t  of  t h e  ion  

source  by t h e  analyzing magnet and e n t e r  t h e  s c a t t e r i n g \  

chamber through two beam de f in ing  ape r tu re s .  The 

s c a t t e r i n g  chamber i s  f i l l e d  wi th  t a r g e t  gas  a t  s u f f i c i e n t -  

l y  l o w  p r e s s u r e s  t h a t  on ly  s i n g l e  c o l l i s i o n  processes  are 

important .  

Pro tons  and hydrogen atoms (charge t r a n s f e r )  I which 

are s c a t t e r e d  t o  a p a r t i c u l a r  angle ,  e n t e r  an assembly 

con ta in ing  p a r t i c l e  and photon d e t e c t o r s .  This  e x t e r n a l l y  

rotatable assembly opens t o  t h e  s c a t t e r i n g  chamber only  

through t h e  f irst  of t w o  s l i ts  de f in ing  t h e  spread  of 

angles  f r o m  which t h e  detector assembly w i l l  accept  

s c a t t e r e d  p a r t i c l e s .  The d e t e c t o r  assembly i s  pumped by 

a 4 i nch  d i f f u s i o n  pump so t h a t  t h e  p r e s s u r e  i n s i d e  t h e  

d e t e c t o r  assembly i s  below t h a t  i n  t h e  s c a t t e r i n g  chamber. 

I 
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The second s l i t  de f in ing  t h e  s c a t t e r i n g  acceptance angle  

i s  a hole  i n  a p l a t e  l oca t ed  i n s i d e  t h e  assembly; t h i s  

p l a t e  se rves  a l s o  as t h e  grounded s i d e  of a capac i to r .  

When vo l t age  i s  app l i ed ,  t h e  capac i to r  p re sen t s  an 

e lectr ic  f i e l d  p a r a l l e l  t o  t h e  d i r e c t i o n  of motion of 

p a r t i c l e s  s c a t t e r e d  i n t o  t h e  acceptance angle  def ined  by 

t h e  t w o  s l i ts .  I f  t h e  s c a t t e r e d  p a r t i c l e s  have undergone 

charge t r a n s f e r  t o  t h e  2s s ta te  of  hydrogen, they should 

remain i n  t h a t  s tate u n t i l  they  e n t e r  t h e  c a p a c i t o r  region.  

The l i f e t i m e  of t h e  2 s  s ta te  i n  a f i e l d  f r e e  region i s  

0.14 seconds,  b u t  i n  an electric f i e l d  of 600 volts/cm t h e  

l i f e t i m e  decreases  t o  about 4 x lom9 seconds due t o  s takk  

mixing of t h e  2 s  and 2p states. I n  such a f i e l d  hydrogen 

atoms of a f e w  keV energy w i l l  t ravel  less than t h e  2 cm 

l e n g t h  of t h e  c a p a c i t o r  before  decaying through t h e  2p 

states t o  t h e  ground s ta te  emi t t i ng  Lyman alpha photons 

of 1 2 1 6  A wavelength. 

A d e t e c t o r  t o  count t h e s e  emi t ted  photons views t h e  

c a p a c i t o r  reg ion  from above. The f r a c t i o n  of  t h e  t o t a l  

emi t t ed  photons which are counted by t h i s  d e t e c t o r  w i l l  

depend on t h e  d e t e c t o r  e f f i c i e n c y ,  t h e  s o l i d  angle  subtend- 

ed by t h i s  d e t e c t o r ,  and t h e  f r a c t i o n  of t h e  e x c i t e d  a t o m s  

decaying wi th in  t h e  pa th  l eng th  viewed by t h e  d e t e c t o r .  

The s c a t t e r e d  p a r t i c l e s  pass  through a s m a l l  ho le  

(which i s  l a r g e  enough not  t o  a f f e c t  t h e  s c a t t e r i n g  

I 

a 
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geometry d e f i n i t i o n )  i n  t h e  high vo l t age  end of t h e  

quenching c a p a c i t o r .  Beyond t h e  c a p a c i t o r  a l l  t h e  

p a r t i c l e s  which e n t e r e d  t h e  s c a t t e r i n g  acceptance 

geometry are i n c i d e n t  on a bare e l e c t r o n  m u l t i p l i e r  which 

counts  a percentage  of  them depending on i t s  e f f i c i e n c y .  

D a t a  c o l l e c t i o n  i s  c o n t r o l l e d  by a c u r r e n t  i n t e g r a t o r .  

Th i s  device i s  connected t o  t h e  beam c o l l e c t i o n  cup which 

i s  r ece iv ing  t h e  direct beam. 

c u r r e n t  and stores i t ' o n  a c a p a c i t o r ,  d i scharg ing  t h e  

c a p a c i t o r  when it is  f u l l y  charged and then  recharging i t .  

The i n t e g r a t o r  monitor; t h e  

The i n t e g r a t o r  cont inues  u n t i l  a p r e s e t  amount of charge 

has  been collected, The scalers c o l l e c t i n g  photon and 

particle counts  are s t a r t e d  when t h e  i n t e g r a t o r  i s  
J 

s t a r t e d  and are s topped au tomat ica l ly  by t h e  i n t e g r a t o r  

when t h e  p r e s e t  charge has  been c o l l e c t e d .  

2. Q u a n t i t i e s  t o  be  Measured. 

The primary q u a n t i t y  of i n t e r e s t  i s  t h e  ra t io  o f  

hydrogen atoms i n  t h e  2 s  s ta te  t o  t h e  t o t a l  p a r t i c l e s  

(pro tons  p l u s  hydrogen a t o m s  i n  any s ta te)  s c a t t e r e d  i n t o  

a p a r t i c u l a r  angle  de f ined  by t h e  d e t e c t o r  geometry. Th i s  

q u a n t i t y  i s  r e f e r r e d  t o  as PzS i n  t h i s  r e p o r t  and i s  

de f ined  by 
: r  

ang le  
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where: 1. SzS is  t h e  number of de t ec t ed  2 s  photons and 

S i s  t h e  t o t a l  number of counted p a r t i c l e s .  

e f f i c i e n c y  f o r  d e t e c t i o n  of  pro tons  and hydrogen atoms by 

t h e  m u l t i p l i e r .  3 .  E p i s  t h e  e f f i c i e n c y  f o r  de t ec t ion  of 

2 .  EM i s  t h e  

L, photons by t h e  pho tode tec to r  t i m e s  t h e  f r a c t i o n  of t h e  

t o t a l  47r s o l i d  angle  viewed by t h i s  de t ec to r .  5. f i s  t h e  

f r a c t i o n  of H ( 2 s )  decaying wi th in  t h e  pa th  l eng th  viewed 

by t h e  photodetec tor .  The measurements of EM and E~ are 

descr ibed  i n  s e c t i o n  IV. ,and t h e  technique f o r  c a l c u l a t i n g  

f i s  descr ibed  i n  appendix A. 

_- 

In a c t u a l  measurements, t h e  number of de t ec t ed  photons 

from t h e  2 s  s ta te  w a s  determined from two consecut ive d a t a  

c o l l e c t i o n s .  Photons w e r e  c,ounted wi th  vol tage  app l i ed  t o  

t h e  quench c a p a c i t o r  and wi th  t h e  capac i to r  grounded, b u t  

w i th  a l l  o t h e r  parameters  he ld  cons t an t .  The d i f f e r e n c e  

between t h e s e  two is t h e  number of  photons from t h e  2 s  

state. The tube  n o i s e  and any photons from e x c i t a t i o n  

of background gas wi th in  t h e  capac i to r  are thus  sub t r ac t ed .  

This  whole process  w a s  gene ra l ly  r epea ted  wi th  gas  

removed from t h e  s c a t t e r i n g  chamber. I f  these background 

s i g n a l s  w e r e  found t o  be apprec i ab le  (5% o r  more) t hey  

w e r e  app ropr i a t e ly  sub t r ac t ed .  

If a minor add i t ion  t o  t h e  appara tus  i s  made, t h e  

quan t i ty  Po, def ined  as 

I - H ( a l l  s t a t e s )  
- H+ I- H a t  d e t e c t o r  angle  
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can a l s o  be measured. The r equ i r ed  modi f ica t ion  is t h e  

a d d i t i o n  of a device t o  d e f l e c t  t h e  pro tons  a f t e r  

s c a t t e r i n g  so t h a t  only t h e  hydrogen atoms reach t h e  m u l t i -  

p l i e r .  To accomplish t h i s ,  a set  of curved d e f l e c t i o n  

p l a t e s  was p laced  before  t h e  quenching capac i to r .  The 

' top p l a t e  w a s  made w i t h  a slot t o  pass  t h e  undef lec ted  

hydrogen atoms. A b i a sed  collector cup w a s  used t o  

collect t h e  d e f l e c t e d  protons.  With no vol tage  on t h e  

d e f l e c t o r  p l a t e s  a l l  ' p a r t i c l e s  pass through t h e  quenching 

.-.-- 

c a p a c i t o r  t o  t h e  p a r t i c l e  d e t e c t o r  and t h e  La photons 

can be d e t e c t e d  s imultaneously by us ing  t h e  quenching 

capac i to r .  When vol tage  is app l i ed  t o  t h e  d e f l e c t i o n  

plates,  only hydrogen atoms ,are passed,  b u t  f o r  mos t  

d e f l e c t i o n  vo l t ages  t h e  2 s  s ta te  is  quenched i n  t h e  

d e f l e c t i o n  p l a t e s  sb t h a t  Laphotons from t h i s  state cannot 

then  be d e t e c t e d  i n  t h e  quenching c a p a c i t o r  region.  

I f  it i s  assumed t h a t  t h e  p a r t i c l e  d e t e c t o r  

e f f i c i e n c y  i s  i d e n t i c a l  f o r  pro tons  and hydrogen atoms of 

t h e  same v e l o c i t y  ( t o  be s u b s t a n t i a t e d  i n  s e c t i o n  I V ) ,  

t hen  t h e  q u a n t i t y  Po is  independent of t h e  p a r t i c l e  

detector e f f i c i e n c y .  I n  f a c t ,  

Po = 
H ( a l l  p a r t i c l e s  d e t e c t e d  w i t h  d e f l e c t i o n )  

H+ + H (all p a r t i c l e s  d e t e c t e d  with no 
d e f l e c t i o n )  

provided t h e  t a r g e t  p re s su re  and t o t a l  number of i n c i d e n t  

p ro tons ,  which determine how many p a r t i c l e s  are scattered 
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i n t o  t h e  d e t e c t o r  geometry, are t h e  same during 

def lec t ion-on  and de f l ec t ion -o f f  d a t a  c o l l e c t i o n s .  

Eve rha r t ,  e t  a1  29,63 have measured Po f o r  m o s t  o f  t h e  

experimental  conf igu ra t ions  used i n  t h e  p re sen t  work and 

comparison of  r e s u l t s  i s  made i n  s e c t i o n  V. 

I f  t h e  d e t e c t o r  assembly i s  set a t  zero  degrees ,  t h a t  

i s ,  so t h a t  t h e  i n c i d e n t  beam passes  d i r e c t l y  through t h e  

d e t e c t o r  geometry, t h e  t o t a l  c ross  s e c t i o n  ( i n t e g r a t e x  

over  angles )  f o r  charge t r a n s f e r  t o  t h e  2s state can be 

measured d i r e c t l y .  Of course ,  t h i s  assumes t h a t  any 

p a r t i c l e  undergoing charge t r a n s f e r  t o  t h e  2 s  s ta te  and 

s c a t t e r e d  by a l a r g e r  amount than t h e  d e t e c t o r  acceptance 

angle  can be accounted f o r  o r  neglec ted .  I n  f a c t  t h e s e  can 

be neg lec t ed  as w i l l  be demonstrated,  i n d i c a t i n g  t h a t  t h e  

p a r t i c l e s  de t ec t ed  a t  angles  where no d i r e c t  beam e n t e r s  

t h e  d e t e c t o r  geometry are a n e g l i g i b l e  po r t ion  of t h e  

t o t a l  s c a t t e r i n g .  

I n  p r a c t i c e ,  most manageable pro ton  beams f o r  t h e  

appara tus  used, w e r e  too i n t e n s e  f o r  t h e  d i r e c t  beam 

i n d i v i d u a l  p a r t i c l e s  t o  be counted. Therefore ,  t h e  t o t a l  

2s cross s e c t i o n s  w e r e  measured wi th  a Faraday cup i n  

p l ace  of t h e  p a r t i c l e  m u l t i p l i e r .  

Assuming s i n g l e  c o l l i s i o n  cond i t ions ,  t h e  cross 

s e c t i o n  f o r  t o t a l  charge t r a n s f e r  t o  t h e  2 s  s ta te ,  62s, 

is  de f ined  from N z s  = NoPL azs where; N 2 s  i s  t h e  number 

i 
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of  hydrogen atoms formed i n  t h e  2 s  s t a t e  f o r  No t o t a l  

i n c i d e n t  p ro tons ,  p is  t h e  t a r g e t  gas  d e n s i t y ,  and L i s  

t h e  l eng th  of ta rge t  gas t r a v e r s e d  by t h e  beam. 

I n  a c t u a l  d a t a  c o l l e c t i o n ,  No, w a s  determined by i n t e -  

g r a t i n g  t h e  t o t a l  charge c o l l e c t e d  by the c o l l e c t i o n  cup 

.at t h e  end of  t h e  d e t e c t o r  assembly. The t o t a l  i n t e g r a t e d  

charge,  Q ( i n  coulombs), is  equa l  t o  e * N o  where e is  t h e  

charge on each pro ton ,  1 .602  x coulombs. / 

A t  t h e  low pres su res  used, t h e  i d e a l  gas  l a w  can be 

used t o  relate t h e  dens i ty  of t h e  t a r g e t  gas t o  t h e  

p re s su re .  The r e l a t i o n s h i p  i s  

p = 3.535 x 1016 273 
(-+ 

where p i s  i n  uni..4s of   if P is  i n  nun of Hg and T i s  

i n  degrees  Kelvin. The temperature  w a s  t aken  t o  be  room 

temperature  which was always w i t h i n  a f e w  degrees of 

300°K, so t h a t  T = 3000K w a s  used f o r  a l l  da t a .  

As i n  t h e  prev ious ly  de f ined  p r o b a b i l i t y ,  t h e  

q u a n t i t y  N2s w a s  determined by counting t h e  La photons 

during consecut ive  d a t a  runs wi th  a l l  parameters h e l d  

cons t an t ,  w i th in  experimental  l i m i t s ,  except  t h a t  one run 

w a s  w i th  quenching vol tage  app l i ed  and one w a s  w i th  

quenching c a p a c i t o r  grounded. This  process  w a s  t h e n  

repea ted  wi th  t a r g e t  gas removed from t h e  chamber, and 

t h i s  background w a s  s u b t r a c t e d  un le s s  it w a s  found t o  be 

n e g l i g i b l e .  W e  t h u s  have, f o r  t a r g e t  gas  i n  t h e  chamber 

, ,~ ,.., .. , . . .... .. f ' 
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N2s = [ S Z s  (quench-on) - S ~ ~ ( q u e n c h - o f f )  J [r I 
P 'f  

Where t h e  S Z s  q u a n t i t i e s  are a c t u a l  photon counts and cP 

and f are as previous ly  def ined.  

The background ( o r  gas-out) p r e s s u r e  reading w a s  

always less than  1% of  t h e  gas-in t a r g e t  p re s su re  as 

measured by an i o n  guage, and t h e  d i f f e r e n c e  p res su re  was 

t hus  taken t o  be t h e  p r e s s u r e  measured with t a r g e t  gas i n  

t h e  chamber. 

---- 

With t h e s e  experimental  q u a n t i t i e s  t h e  cross s e c t i o n  

d e f i n i t i o n  becomes 

- [%(quench on) - S2s(quench o f f ) ] e  
O 2 S  - "T PLQSPf 

N o  a t tempt  w a s  made t o  measure abso lu te  t o t a l  2 s  cross 

s e c t i o n s ,  r a t h e r ,  t h e  relative measurements of t h i s  

q u a n t i t y  w e r e  normalized t o  publ i shed  va lues  i n  order to  

o b t a i n  a measurement of t h e  pho tode tec to r  e f f i c i e n c y ,  

(see s e c t i o n  I V .  D . ) .  

F i n a l l y ,  t h e  d i f f e r e n t i a l  cross s e c t i o n s  f o r  t o t a l  

s c a t t e r i n g  and s c a t t e r i n g  w i t h  charge t r a n s f e r  t o  a l l  

states and t o  t h e  2 s  s ta te  only  w e r e  measured a t  va r ious  

angles .  I n  f a c t ,  t h e  ra t ios  P2s and Po can a l t e r n a t i v e l y  

be def ined  as d i f f e r e n t i a l  cross s e c t i o n  ra t ios ,  i ,e ,  
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. d02s and 
dn Since  t h e  measured q u a n t i t i e s  f o r  PzS  and 

datotal a r e  determined 
dM 

necessary t o  determine 

given by .do2 - 
p2s - =  .dR 

s imultaneously it is  only 

I ’  
d o t o t a l  

dM 

where t h e  i d e n t i t y  holds  f o r  t h i s  experimental  d a t a  

because of t h e  simultaneous c o l l e c t i o n  of  d a t a  and t h e  

i d e n t i c a l  geometry t h a t  d e f i n e s  t h e  s c a t t e r i n g  angles  and 
--- 

s o l i d  angles .  The cross s e c t i o n  doas can be obta ined  
dM 

d i r e c t l y ,  wi thout  measuring d o t o t a l ,  as w e l l  a s  f r o m  t h e  

above i d e n t i t y .  
dR 

The d i f f e r e n t i a l  c r o s s  s e c t i o n  f o r  s c a t t e r i n g  of  any 

par t ic le  (proton or  hydrogen a t o m )  i n t o  t h e  s o l i d  angle  

element def ined  by t h e  d e t e c t o r  geometry i s  given from 

N 

where N i s  t h e  

s c a t t e r e d  i n t o  

number o f  p a r t i c l e s  ( n e u t r a l  p lus  p o s i t i v e )  

t h e  d e t e c t o r  s o l i d  angle  AR fo r  No i n c i d e n t  

pro tons  and p is t a r g e t  gas  dens i ty .  The q u a n t i t y  R i s  t h e  

l e n g t h  of t h e  primary beam i n  t h e  t a r g e t  gas  which is  view- 

ed by t h e  d e t e c t o r  geometry. I n  gene ra l  t h e  q u a n t i t y  R A G  

is a func t ion  of t h e  appara tus  and of t h e  v a r i e d  scatter- 

i n g  angle ,  0 .  The eva lua t ion  of R A R  i s  m o s t  e a s i l y  

c a r r i e d  o u t  for t h e  product  and i s  r e f e r r e d  t o  as RdM o r  

( R A R ) , f f .  T h i s  eva lua t ion  w i l l  be  made i n  t h e  n e x t  s e c t i o n  
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Using t h e  experimental  q u a n t i t i e s  def ined  i n  t h e  d i scuss ion  

of  azs w i t h  those  j u s t  d i scussed ,  w e  have 

where S again r e p r e s e n t s  t h e  a c t u a l  number of counts  

recorded,  i n  t h i s  case by t h e  p a r t i c l e  d e t e c t o r .  

As mentioned, t h e  q u a n t i t y ,  S ,  w a s  measured simultan- 
/ 

eous ly  wi th  t h e  q u a n t i t i e s  SzS (quench-on) and Szs (quench- 

off). S w a s  ob ta ined  during both t h e  quench-on and 

quench-off d a t a  c o l l e c t i o n s  and t h e  average w a s  used i n  

t h e  de te rmina t ion  of  d o t o t a l .  These t w o  de te rmina t ions  

of  S t y p i c a l l y  d i f f e r e d  by 2%, i n d i c a t i n g  t h e  e x t e n t  t o  

which t h e  p r e s s u r e  and number of i n c i d e n t  pro tons  remained 

cons t an t  between quench-on and quench-off c o l l e c t i o n s ,  and 

i n d i c a t i n g  t h a t  t h e  quenching f i e l d  d i d  n o t  apprec iab ly  

a l ter  t h e  pa th  of t h e  s c a t t e r e d  p a r t i c l e s  (some are 

dQ 

pro tons)  through t h e  detector assembly. 

B. Apparatus 

1. Accelerator. 

The ion  source ,  analyzing magnet, high vo l t age  

supply,  and c o n t r o l  console w e r e  produced commercially. 

The i o n  source ,  shown schemat ica l ly  i n  Fig.  6 ,  i s  a 

Von Ardenne46 duoplasmatron type  modified so t h a t  H' i o n s  

may be e x t r a c t e d 4 7 ,  as w e l l  as p o s i t i v e  ions .  

hydrogen gas  supplying t h e  source ,  t h e  t o t a l  p o s i t i v e  i o n  

With 
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y i e l d  a t  t h e  analyzing magnet w a s  observed t o  be near  one 

mill iamp, b u t ,  af ter  s e l e c t i n g  only pro tons  and 

r e s t r i c t i n g  e n t r a n c e  i n t o  t h e  s c a t t e r i n g  chamber wi th  t w o  

0.040 inch  a p e r t u r e s ,  t y p i c a l  proton beams used for  t h e  

experiment w e r e  10-50 nanoamps. T ranspor t a t ion  of  t h e  

beam from t h e  i o n  source  t o  t h e  s c a t t e r i n g  chamber i s  

a ided  by t h r e e  l e n s e s ,  an e i n z e l  l e n s  a t  t h e  source ,  an 

e l e c t r o s t a t i c  quadrupole double t  l e n s  be fo re  t h e  
/.- 

analyzing magnet, and another  e i n z e l  l e n s  between t h e  

analyzing magnet and t h e  chamber. 

The i o n  source  and a l l  of t h e  a s s o c i a t e d  c o n t r o l  

e l e c t r o n i c s  are r a i s e d  t o  t h e  a c c e l e r a t i n g  p o t e n t i a l .  

e x t r a c t i o n  e l e c t r o d e  i s  grounded so t h a t  t h e  a c c e l e r a t i n g  

p o t e n t i a l  i s  a p p l i e d  between t h e  anode and t h e  e x t r a c t i o n  

e l e c t r o d e .  The high voltage is  s p e c i f i e d  by t h e  

\The 

manufacturer  of t h e  supply t o  be  21% o f  t h e  s e l e c t e d  

va lue  and i s  cont inuous ly  variable between 0 .5  and 21 .0  

k i l o v o l t s .  

The s p r e a d  of e n e r g i e s  of  i ons  e x t r a c t e d  from t h e  

source  w a s  n o t  measured i n  t h i s  experiment,. I n  g e n e r a l  

t h e  spread  of  e n e r g i e s  f r o m  duo-plasmatron type  sources  

i s  less t h a n  18 t o  20 ev 4 6 8 4 8 .  

passed by t h e  ana lyz ing  magnet and e n t e r i n g  t h e  

s c a t t e r i n g  chamber through t h e  beam d e f i n i n g  a p e r t u r e s  do 

n o t  have a larger energy spread  than  1 0  t o  20 ev. 

I t  is  expected t h a t  i o n s  

! 
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2 .  S c a t t e r i n g  Chamber and Vacuum. 

i 

The d i f f e r e n t i a l  s c a t t e r i n g  assembly and d e t e c t o r s  

are enclosed by a c i rcu lar  s t a i n l e s s  steel  s c a t t e r i n g  

chamber a s  i n d i c a t e d  by Fig.  6. The i n s i d e  diameter  of 

t h e  chamber i s  18  inches wi th  1 / 2 . i n c h  t h i c k  w a l l s .  The 

chamber i s  made i n  t w o  s e c t i o n s .  The 7 inch deep lower 

h a l f  b o l t s  d i r e c t l y  t o  a 1 inch  t h i c k  s t a i n l e s s  base p l a t e  

w i th  t h e  vacuum seal made by compression of  an aluminum 
/- 

O-ring. This  l o w e r  s e c t i o n  has 4 en t r ance  p o r t s  of 4 

inches  diameter  each a t  '90° i n t e r v a l s .  The t o p  h a l f  of 

t h e  chamber, which i s  6 1 / 2  inches  deep, b o l t s  t o  t h e  

lower h a l f  w i th  t h e  vacuum seal again made by compression 

of an aluminum O-ring. This  upper s e c t i o n  has one 

en t rance  p o r t  i n  t h e  c e n t e r  o f  t h e  t o p ,  through which a l l  

of t h e  electrical  connections are made by means of ceramic 

t o  m e t a l  i n s u l a t e d  vacuum feed-throughs.  

The base  p l a t e  has  t h r e e  h o l e s ,  two 5 inches  i n  

diameter ,  t h e  t h i r d  2 inches  i n  diameter .  The c e n t e r  5 

i r x h  h o l e  i s  below t h e  r o t a t a b l e  d e t e c t o r  assembly and 

opens i n t o  t h e  chamber only  through t h e  0.0202 inch  by 

1.25 inch  s l i t  formed by t h e  t w o  s t a i n l e s s  steel  beam 

c o l l e c t i o n  cups. The o t h e r  5 inch  h o l e  opens d i r e c t l y  

i n t o  t h e  chamber. Each of t h e s e  ho le s  l eads  f r o m  t h e  

chamber t o  a g a t e  va lve ,  l i q u i d  n i t rogen  b a f f l e ,  water 

baf f le ,  and s t anda rd  4 i n c h  d i f f u s i o n  pump i n  t h a t  order. 
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A smal l  valve beneath t h e  2 inch  ho le  provides  access  t o  

t h e  chamber f o r  i n i t i a l  rough pumping and fo r  a McLeod 

guage used as an absolu te  p r e s s u r e  s tandard .  

One of t h e  f o u r  s i d e  p o r t s  opens t o  a s m a l l  l i q u i d  

n i t rogen  c o l d  t r a p .  This  t r a p  i s . t o  h e l p  i n  removal of 

pump o i l ,  w a t e r ,  o r  any o t h e r  condensable material which 

might contaminate t h e  t a r g e t  gas.  

a r e l a t i v e l y  s m a l l  s u r f a c e  area t o  t h e  t a r g e t  gas ,  i ts  

Since  it pxesents  on ly  
/- 

e f f e c t  on t h e  t a r g e t  gas  temperature  has  been ignored.  

The nex t  s i d e  p o r t ,  moving clockwise around t h e  

chamber, opens t o  t h e  d r i f t  tube connect ing t h e  chamber 

and t h e  a c c e l e r a t o r .  The pro ton  beam e n t e r s  t h e  chamber 

through t w o  .040 inch c i r c u l a r  ape ra tu res  which are 1 0 . 2  

i nches  a p a r t .  The o u t e r  a p e r t u r e  is a c i r c u l a r  ho le  i n  a 

t h i n  p l a t e  of tungs ten .  The p l a t e  i s  mounted on t h r e e  

ceramic i n s u l a t o r s ,  l eav ing  space between it and t h e  w a l l s  

f o r  pumping of t h e  region between t h e  ape r tu re s .  The 

c u r r e n t  on t h i s  p l a t e  can be monitored e x t e r n a l l y ,  b u t  

dur ing  d a t a  c o l l e c t i o n  t h e  p l a t e  w a s  always d i r e c t l y  

grounded. The second a p e r t u r e  i s  a .040 inch  c i r c u l a r  

ho le  a t  t h e  end of a s t a i n l e s s  steel tube  extending t o  

w i t h i n  1 .70  inches  of t h e  c e n t e r  of t h e  chamber. The 

accelerator d r i f t  tube opens t o  t h e  chamber only through 

t h i s  a p e r t u r e  so t h a t  d i f f e r e n t i a l  p re s su res  can be main- 

t a i n e d  between t h e  chamber and t h e  d r i f t  tube. 
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When d a t a  w e r e  being c o l l e c t e d  t h e  s i d e  pump (opening 

d i r e c t l y  i n t o  t h e  chamber) w a s  c losed  and t h e  chamber w a s  

f i l l e d  wi th  gas .  

maintained a p res su re  i n  t h e  r o t a t a b l e  assembly approxi- 

mately 1/100 of t h a t  i n  t h e  chamber, as measured by two 

ion  guages, one i n  t h e  valve below t h e  c e n t e r  ho le  and 

t h e  o t h e r  opening t o  t h e  chamber. The pump on t h e  d r i f t  

t u b e  maintained a p res su re  t h e r e  of about  1/500 of t h a t  i n  

The pump under t h e  d e t e c t o r  assembly 

'the chamber when t a r g e t  gas  w a s  i n  t h e  chamber. 

The t h i r d  s i d e  p o r t  provides  a t a r g e t  gas i n l e t  t o  t h e  

chamber and suppor t s  t h e  ion  guage used t o  measure t a r g e t  

gas pres su res .  The t a r g e t  gas used w a s  "high p u r i t y "  

g rade  s p e c i f i e d  by t h e  manufacturer t o  be 99.995% pure.  

\ 

G a s  f r o m  t h e  supply b o t t l e  w a s  admitted through a r e g u l a t o r  

and l i q u i d  n i t rogen  cold t r a p  i n t o  a gas  s to rage  r e se rvo i r .  

T h i s  r e s e r v o i r  f eeds  t h e  chamber through a commercially 

produced l e a k  va lve  which c o n t r o l s  flow through a Monel 

t o  s i l v e r  seat. Through t h i s  va lve  t h e  p re s su re  i n  t h e  

chamber could  be manually set  t o  any des i r ed  ion guage 

r ead ing .  A f t e r  reaching  equi l ibr ium,  wi thout  f u r t h e r  

ad jus tment ,  t h e  l e a k  would maintain a cons t an t  chamber 

p r e s s u r e  w i t h i n  2 - 5% over  a pe r iod  of  s e v e r a l  hours .  

During t h e  pe r iod  when most of t h e  da t a  i n  t h i s  r e p o r t  

were  c o l l e c t e d ,  t h e  vacuum system was maintained i n t a c t  

for several months. Under t h e s e  cond i t ions ,  t h e  ion  guage 
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i n d i c a t i o n  of p re s su re  (not  abso lu t e )  wi th  t a r g e t  gas i n  

t h e  chamber was t y p i c a l l y  5 x of Hg. When t h e  l eak  

valve w a s  c lo sed  t h i s  i n d i c a t e d  p r e s s u r e  dropped w i t h i n  

t w o  t o  f i v e  minutes t o  approximately 6 x of Hg. 

When t h e  s i d e  pump (opening d i r e c t l y  i n t o  t h e  chamber) w a s  

'also opened t h e  i n d i c a t e d  p res su re  would drop t o  1 - 2 X 

lO'*mm of Hg. 
-c 

3 .  Detector Arrangement and Geometry 

The e x t e r n a l  r o t a t i o n ,  suppor t ,  and pumping o f  t h e  

d e t e c t o r  p la t form is i l l u s t r a t e d  i n  Fig.  7. The c y l i n d e r  

connectincj chamber and pump w a s  cons t ruc t ed  t o  accep t  a 

vacuum feed-through r o t a t o r  which employed a s t a i n l e s s  

steel  bel lows seal ,  This  rotator  allowed r o t a t i o n  of an 

e x t e r n a l  crank t o  d r i v e  t h e  d e t e c t o r  assembly as ind ica t ed .  

The e x t e r n a l  crank w a s  f i t t e d  wi th  a d iv ided  circle 

marked i n t o  one hundred p a r t s  and a counter  t o  count  f u l l  

t u r n s .  C a l i b r a t i o n  of t h e  r o t a t i o n  g e a r  i n  degrees  w a s  

accomplished by p l ac ing  a 90° prism on t o p  of t h e  assembly, 

r e f l e c t i n g  a laser beam off one face of t h e  prism, then  

r o t a t i n g  t h e  assembly u n t i l  t h e  laser s p o t  w a s  r e f l e c t e d  t o  

t h e  same p o i n t  by t h e  o t h e r  face of t h e  prism. The angle  

r o t a t e d  through w a s  then  t h e  prism angle .  The r e l a t i o n -  

s h i p  w a s  found t o  be 1 t u r n  = 2.571O. 

The z e r o  angle  p o s i t i o n  of  t h e  d e t e c t o r  assembly w a s  

determined us ing  t h e  ion  beam by f i n d i n g  t h e  maximum 
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p a r t i c l e  count rate wi th  t h e  chamber evacuated and t h e  

pro tons  d e f l e c t e d .  That i s ,  t h e  zero p o s i t i o n  was taken 

t o  b e  t h e  p o s i t i o n  f o r  maximum n e u t r a l  atoms formed by 

charge exchange wi th  background gas .  Counting t h e s e  atoms 

wi th  a count rate m e t e r ,  t h i s  p o s i t i o n  could be determined 

. t o  wi th in  t . O 1  t u r n s  ( . 0 3 ' ) .  The zero  p o s i t i o n  w a s  check- 

ed  f r equen t ly  and never  spontaneously va r i ed  dur ing  t h e  

experiment. The r e p r o d u c i b i l i t y  of any angle  s e t t i n g  has  

been taken t o  be 2.01 t u r n s  o r  k . 0 3 ' .  

The d e t a i l s  o f  d e t e c t o r  placement are shown i n  Fig.  8 .  

A p la t fo rm suppor t ing  t h e  proton d e f l e c t i o n  p l a t e s ,  

d e f l e c t o r  c o l l e c t i o n  cup, quenching c a p a c i t o r ,  and 

p a r t i c l e  d e t e c t o r  suppor ts  i s  anchored d i r e c t l y  t o  t h e  base 

o f  t h e  r o t a t i n g  assembly. 

The assembly housing has  t w o  cover p l a t e s .  With both 

p l a t e s  removed only t h e  base  of t h e  housing and t h e  s i d e  

w a l l s  remain. The f i r s t  p l a t e  covers  much of  t h e  

assembly below t h e  beam level and suppor ts  t h e  beam 

c o l l e c t i o n  cups. It has  a h o l e  and s i d e s  t h e  proper  

shape t o  surround t h e  d e f l e c t i o n  p l a t e s ,  quench c a p a c i t o r  

and p a r t i c l e  m u l t i p l i e r  which extend through t h i s  f i r s t  

cover t o  beam he igh t .  The t o p  view i n  Fig.  8 shows t h i s  

f i r s t  cover  p l a t e  i n  p l a c e ,  bu t  t h e  t o p  cover p l a t e  

removed. The t o p  cover b o l t s  t o  t h e  extended s i d e s  of t h e  

first cover.  Th i s  t o p  cover  has  a hole  through which t h e  
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pho tode tec to r  views t h e  quenching region.  Both d e t e c t o r s  

are a t t a c h e d  t o  t h i s  t o p  cover p l a t e ,  t h e  photodetec tor  

by means of a saddle  and clamp. The p a r t i c l e  m u l t i p l i e r  

is a t t a c h e d  through i t s  vo l t age  d i v i d e r  r e s i s t o r s  and 

s i g n a l  l e a d  t o  t h e  top of t h e  tower b u i l t  on t h e  t o p  p l a t e  

as a housing f o r  t h e  m u l t i p l i e r ,  

The p l a t e s  for  d e f l e c t i n g  charged p a r t i c l e s  are -- 
l o c a t e d  between t h e  geometry de f in ing  sl i ts .  B a f f l e  s l i t s  

b e f o r e  t h e  d e f l e c t i o n  p l a t e s  prevent  d i r e c t  beam from 

reaching  t h e  d e f l e c t i o n  p l a t e  space r s  when t h e  assembly i s  

set  a t  angles  less than 2O, where some d i r e c t  beam passes  

t h e  first d e f i n i n g  s l i t ,  \ 

The d e f l e c t i o n  p l a t e s  Qere made from 1 /16  i nch  t h i c k  

s t a i n l e s s  steel  s t r i p s  9/16 inch  wide tapered  a t  t h e  f r o n t  

t o  f i t  t h e  a v a i l a b l e  space. These s t r i p s  w e r e  b e n t  on 

c i r c u l a r  r a d i i  of 5 inches and 5 1/4 inches.  They a r e  

h e l d  s e p a r a t e d  a t  1/4 inch  by t h e  nylon spacers .  As 

i l l u s t r a t e d  i n  F ig .  8 ,  a s lo t  i n  t h e  upper p l a t e  i s  

necessary  i n  o r d e r  t o  pass  s c a t t e r e d  p a r t i c l e s  which are 

n o t  d e f l e c t e d .  This  slot is  3/16 inch  wide and 1 3/8 inch  

long. A t h i r d  p l a t e  w a s  p laced above t h i s  s l o t  t o  pre- 

ven t  weakening o f  t h e  d e f l e c t i n g  f i e l d  due t o  t h e  s l o t .  

When d e f l e c t i o n  i s  des i r ed ,  a nega t ive  p o t e n t i a l  i s  

a p p l i e d  t o  t h e  l o w e r  p l a t e ,  whi le  t h e  c e n t e r  p l a t e  i s  

grounded. O r i g i n a l l y ,  a p o s i t i v e  p o t e n t i a l ,  equa l  i n  
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magnitude t o  t h e  nega t ive  p o t e n t i a l  on t h e  lower p l a t e ,  

w a s  appl ied  t o  t h e  s l o t  cover p l a t e .  However, no d i f f e r -  

ence i n  o p e r a t i o n  of  t h e  d e f l e c t i o n  system could be detect- 

ed when t h i s  cover p l a t e  w a s  grounded, so d a t a  w a s  taken 

with t h e  cover p l a t e  grounded i n s i d e  t h e  chamber. 

The p o t e n t i a l  r equ i r ed  t o  d e f l e c t  protons of var ious  

ene rg ie s  i n t o  t h e  c o l l e c t i o n  cup w a s  determined expe r i -  

mental ly .  Fig.  9 shows t h e  r e s u l t s  of t h i s  determinat ion.  

The h o l e  i n  t h e  t o p  p l a t e  of t h e  r o t a t i n g  assembly, 

through which t h e  photodetec tor  views the  quenching reg ion ,  

is r e s t r i c t e d  by a 3/8 inch  i n s i d e  diameter  washer. The 

washer suppor ts  a tungs ten  w i r e  s c reen  which he lps  t o  

p reven t  p e n e t r a t i o n  i n t o  t h e  photocathode region of t h e  

e lectr ic  f i e l d  from t h e  c a p a c i t o r .  The t ransmiss ion  of 

this sc reen  f o r  whi te  l i g h t  i n  t h e  v i s i b l e  reg ion  i s  .88 

A . 0 1  as measured wi th  a photo cel l .  

The pho tode tec to r  i s  EMR model 6415. The response of 

t h i s  d e t e c t o r  as a func t ion  of wavelength i s  l i m i t e d  by 

t h e  LiF window t o  105011 a t  one extreme and by t h e  photo- 

cathode m a t e r i a l  t o  about 1800A a t  t h e  o t h e r  extreme, wi th  

maximum response n e a r  t h e  1216A l i n e  t o  be de t ec t ed .  The 

p h y s i c a l  shape of t h i s  d e t e c t o r  i s  as shown i n  Fig.  8. 

The photodetec tor  e f f e c t i v e  opening is  s p e c i f i e d  by 

t h e  manufacturer t o  be  3/8  i nch  and is  approximately 3/8 

i n c h  above t h e  washer opening. This  geometry, d e f i n i n g  t h e  

p o r t i o n  of t h e  quenching region viewed by t h e  photo- 



54. 

L 

. , .  - .N: , 

. ,  
.. .rh 

_' i 

140( 

I20C 

IOOC 
n cn 
8 > 
c - 
U 

2 eo( 

6 
i= z 
W 

600 
a. 
2 
0 
I- o 
W 

ii! 40C 
W 
Q 

- 

200 

Fig. 9 

CTlON PLATE CALIBRATION 

/v- ' 

al 

b 

2 4 6 8 IO 12 14 16 I 
PROTON (keV.1 



i 

.! . . 

.. . 
. I  , 

. I -  

, 

55. 

d e t e c t o r  i s  n o t  r e s t r i c t i v e ,  implying t h a t  t h e  acceptance 

ang le  f o r  r ece iv ing  photons from t h e  quenching region i s  

n o t  w e l l  def ined .  Th i s  cons t ruc t ion  w a s  d e l i b e r a t e  i n  

o r d e r  t o  o b t a i n  as l a r g e  a photon s i g n a l  a s  poss ib l e .  The 

shape of t h e  quenching c a p a c i t o r ,  electric f i e l d  s t r e n g t h ,  

.and r a d i a t i o n  of photons along t h e  a x i s  of t h e  c a p a c i t o r  

are d i scussed  i n  Appendix A. 

The p a r t i c l e  d e t e c t o r  i s  a modified 1 4  s t a g e  Fair- 

child-Dumont e l e c t r o n  m u l t i p l i e r  w i th  Cu-Be dynode 

su r faces .  The modi f ica t ion  i s  t h e  removal of t h e  t a r g e t  

dynode, us ing  t h e  f irst  m u l t i p l i c a t i o n  dynode as t h e  

t a r g e t .  This  modi f ica t ion  allows t h e  o r i e n t a t i o n  o f  t h e  

m u l t i p l i e r  t o  be  a t  r i g h t  angles  t o  t h e  d i r e c t i o n  of 

motion of  t h e  p a r t i c l e s  de t ec t ed ,  r a t h e r  than along t h i s  

1 

d i r e c t i o n  as o r i g i n a l l y  requi red .  This  modi f ica t ion  w a s  

n e c e s s i t a t e d  by t h e  l i m i t  of space i n  t h e  rotatable 

assembly. 

The s c a t t e r e d  p a r t i c l e  acceptance geometry i s  def ined  

by t w o  s l i t s .  The first s l i t  is formed by t h e  edges of t h e  

s t a i n l e s s  s teel  beam c o l l e c t i o n  cups which axe mi l l ed  t o  

a k n i f e  edge. These cups r i d e  on t e f l o n  s t r i p  i n s u l a t o r s  

and s l i d e  along t h e  extended sides of  t h e  f i r s t  cover 

p l a t e .  They are s l i d  forward u n t i l  nea r ly  touching and 

are then clamped i n  p l ace .  The s l i t  width was measured 

a f t e r  each assembly wi th  a t r a v e l i n g  microscope. A l l  of 

i 
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t h e  d i f f e r e n t i a l  ( i n  angle) d a t a  i n  t h i s  reportwere taken 

with t h i s  s l i t  a t  .0202+.0002 inches.  

The c o l l e c t i o n  cups could n o t  be d i r e c t l y  b i a sed  

because t h e  electric f i e l d  would cause quenching decay of  

t h e  2 s  s t a t e  t o  b e  de t ec t ed .  However, a t  t h e ' s m a l l  angles  

- u s e d  t h e  d i r e c t  beam s t r i k e s  a cup n e a r  t h e  f r o n t ,  gener- 

a t i n g  secondary e l e c t r o n s .  I n  o r d e r  t o  collect  as many of 

t h e s e  secondary e l e c t r o n s  as p o s s i b l e ,  a p l a t e  w a s  

i s o l a t e d  i n s i d e  each c o l l e c t i o n  cup and b i a sed  a t  67 1 /2  

v o l t s .  Current  on t h i s  p l a t e  w a s  added t o  t h a t  on t h e  cup. 

A b a f f l e  p l a t e  w a s  extended ac ross  t h e  opening o f  each 

cup. These grounded b a f f l e  p l a t e s  allowed en t r ance  o f  

t h e  d i r e c t  beam, bu t  he lped ,prevent  secondary e l e c t r o n s  

from escaping i n t o  t h e  chamber and helped t o  conta in  t h e  

electric f i e l d  of t h e  b i a s  p l a t e s  i n  t h e  cups. 

-- 

The second s c a t t e r e d  p a r t i c l e  geometry de f in ing  

element i s  a r ec t angu la r  ape r tu re .  This  a p e r t u r e  w a s  

formed by d r i l l i n g  a 0.150 inch  hole i n  t h e  f r o n t  p l a t e  

of t h e  quenching capac i to r ,  then  masking t h e  ho le  w i t h  

t w o  t h i n  p i e c e s  of s t a i n l e s s  steel. The masking p i e c e s  

w e r e  set nominally a t  .040 inches s e p a r a t i o n  and w e r e  

measured t o  b e  sepa ra t ed  .0398 k . 0 0 0 1  inches.  The r e s u l t -  

ing a p e r t u r e  i s  nea r ly  r ec t angu la r  w i th  t h e  h e i g h t  of t h e  

r e c t a n g l e  being taken  t o  be  t h e  h e i g h t  which would g i v e  a 

r ec t angu la r  ape r tu re  of  t h e  same area as t h e  t r u e  hole .  

This  he igh t  i s  0 .1467 5.0005 inches.  
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The r e s u l t i n g  s c a t t e r i n g  geometry i s  i l l u s t r a t e d  i n  

F ig .  1 0 .  The t o t a l  spread  of acceptance angle ,  2A0, i s  .67 

degrees.  The product  of beam l eng th  and s o l i d  angle  must 

be eva lua ted .  A s m a l l  l eng th  o f  beam, d ,  i s  subtended by 

t h e  e n t i r e  area of t h e  r ec t angu la r  aper ture .  However, 

a d d i t i o n a l  par t s -  of t h e  beam l eng th  are subtended by only 

a por t ion  of t h i s  second de f in ing  element,  due t o  t h e  f i r s t  

s l i t  obs t ruc t ing  t h e  second ape r tu re .  
/ 

A simple formula was obta ined  by Jordan and ~ r o d e ~ 9  

f o r  eva lua t ing  t h e  e f f e c t i v e  product ,  (aAQ)eff f o r  such 

geometry. This  formula counts approximately ha l f  of t h e  

beam l eng th  which i s  viewed by only  p a r t  of t h e  rectangu- 

l a r  ape r tu re .  Refer r ing  t o  Fig.  LO, t h e  t o t a l  s o l i d  

angle  subtended by t h e  r ec t angu la r  ape r tu re  i s  

Ai2 = W2h2/R2. 

segments i s  counted, t a k e  Leff=L ' .  

wi th  t h e  t r i a n g l e  base approximated as L 1  s i n  8 ,  

I f  only  one of t h e  p a r t i a l l y  viewed beam 

By s imilar  t r i a n g l e s ,  

where R and 8 are approximate. (These approximations are 

s a t i s f a c t o r y  only  f o r  Y > > W l ,  and W2.) With s imi la r  

approximations t h i s  same r e s u l t  can be obta ined  by 

inc luding  only  t h e  o t h e r  p a r t i a l l y  viewed beam segment. 

i s  i d e n t i c a l  t o  t h e  formula ob ta ined .by  Jordan and Brode. 

i 
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Th i s  formula w i l l  be l e a s t  accu ra t e  a t  small  angles  

( 0 ) .  A numerical eva lua t ion  of  ( R A R ) e f f ,  f o r  t h i s  same 

geometry by R. H.  McKnightli0 shows t h a t  t h e  above formula 

agrees  wi th  more exact eva lua t ion  t o  wi th in  1.5% a t  lo. 

(The numerical  eva lua t ion  i s  f o r  a beam of no th i ckness . )  

Because of t h i s  good agreement t h e  simple formula w a s  used 

throughout.  

/- For t h e  geometry used: 

Y = 4.985 k . 0 1 6  inches ( 1 2 . 6 6  c m )  
R = 5.625 1.020 inches  ( 1 4 . 2 9  cm) 
Wl= 0.0202 k.0002 inches (.OS13 cm) 
W2= 0 .0398 +.0001 inches  (.lo10 c m )  
h2= 0 .1476 1.0005 inches (.3727 cm) 

so t h a t  

According t o  t h e  quoted e r r o r s  i n  t h e  measured 

q u a n t i t i e s ,  t h e  product  (RAS2)  eff  should be accurate t o  

about 2 - 3%. However, a c r i t i ca l  f a c t o r  has  n o t  y e t  been 

mentioned. I t  i s  important  t h a t  t h e  f i r s t  geometry 

de f in ing  s l i t  be centered  on t h e  l i n e  from t h e  c e n t e r  of 

t h e  r ec t angu la r  a p e r t u r e  t o  t h e  c e n t e r  of  r o t a t i o n  of t h e  

assembly . 
This  alignment of t h e  geometry w a s  accomplished by 

d i r e c t i n g  a laser l i g h t  beam down t h e  d r i f t  tube i n t o  t h e  

chamber through t h e  c i r c u l a r  beam de f in ing  ape r tu re s .  It 

w a s  r e a d i l y  v e r i f i e d  t h a t  t h i s  laser beam d i d  pass  over  t h e  
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r o t a t i o n  c e n t e r .  The r o t a t i n g  assembly was set so t h a t  

t h e  laser s p o t  f e l l  on t h e  c e n t e r  of t h e  r ec t angu la r  aper- 

t u r e  se rv ing  a s  t h e  second s c a t t e r e d  p a r t i c l e  de f in ing  

ape r tu re .  The first de f in ing  s l i t  w a s  then set  by move- 

ment of t h e  c o l l e c t o r  cups as descr ibed .  This  f i r s t  s l i t  

was as nea r ly  as p o s s i b l e  centered  on t h e  laser beam. 

H o w e v e r ,  t h e  u n c e r t a i n t y  i n  t h e  l a t e ra l  placement o f  t h i s  

s l i t  relative t o  t h e  laser beam w a s  about k.004 inches .  

This  e r r o r  w a s  determined by moving t h e  r o t a t a b l e  assembly 
f 

and at tempting t o  reset it wi th  t h e  f i r s t  s l i t  centered  

i 
. .  

. \  ;$’ 

on t h e  laser beam. The angular  e r r o r  i n  t h i s  r e s e t t i n g ,  

t i m e s  t h e  d i s t a n c e  f r o m  t h e  s c a t t e r i n g  c e n t e r  to t h e  first 

s l i t ,  g ives  t h e  error i n  t h e  l a te ra l  placement of  t h e  s l i t .  

A s l i t  placement e r r o r  of .004 i nch  corresponds t o  an 

error i n  t h e  ang le ,  8 ,  of approximately .05O a t  lo, and a 

smaller error i n  8 a t  l a r g e r  angles .  This  error i s  

s l i g h t l y  l a r g e r  than  t h e  es t imated  r e p r o d u c i b i l i t y  of  any 

angular  s e t t i n g .  F u r t h e r ,  it is  a sys t ema t i c  error 

r a t h e r  than random. An e r r o r  of .05O a t  lo would g i v e  an 

error i n  a Rutherford cross s e c t i o n  ( t h e  angular  dependence 

i s  l / s i n 4  ( 6 / 2 ) )  of about 20% a t  t h i s  angle.  

Since t h i s  error i s  p o s i t i v e  on one s i d e  of z e r o  and 

nega t ive  on t h e  o t h e r ,  it should be observed as a 

sys temat ic  d i f f e r e n c e  i n  t h e  observed cross s e c t i o n s  

measured a t  p o s i t i v e  and nega t ive  s c a t t e r i n g  angles .  
>. ’ 

. .” 
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Indeed such a sys temat ic  d i f f e r e n c e  was observed (see Fig.  

20 . )  This  sys temat ic  d i f f e r e n c e  w a s  n o t  w e l l  e s t a b l i s h e d  

due t o  scatter i n  t h e  d a t a  and f a i l u r e  o f  one c o l l e c t i o n  

cup t o  maintain s t a b l e  c o l l e c t i o n  e f f i c i e n c y  a t  smal l  

angles .  However, using t h e  r i g h t  (nega t ive  angle) and 

. l e f t  ( p o s i t i v e  angle)  observa t ions  of d a t o t a l  and 
dS2 

- du2s f o r  protons on argon a t  0T = 20 kevodeg., a 
dS2 

c o r r e c t i o n  f a c t o r  w a s  cons t ruc ted .  S ince  one c o l l e c t i o n  

cup w a s  more stable a t  l o w  angles  than  t h e  o t h e r ,  a l l  o f  

t h e  remaining d a t a  w a s  t aken  t o  t h e  l e f t  of zero  and 

co r rec t ed  by t h e  cons t ruc ted  c o r r e c t i o n  f a c t o r  which 

v a r i e d  l i n e a r l y  from 11% a t  l.Oo t o  3% a t  2.0°, being 

neglec ted  f o r  h ighe r  angles .  

Another problem arises i n  t he  measurement of differ-  

e n t i a l  cross s e c t i o n s  wi th  apparatus  having a f i n i t e  

acceptance angle  such as j u s t  def ined.  The cross s e c t i o n s  

t o  be measured behave b a s i c a l l y  as a Rutherford cross 

s e c t i o n ,  t h a t  i s  t h e  dependence on angles  is l / ( s i n 4  0 / 2 ) .  

This  i s  a very r a p i d l y  varying dependence so t h a t  a t  

' I  

s m a l l  angles  t h e  acceptance of a f i n i t e  spread of angles  

imp l i e s  t h a t  t h e  observed cross s e c t i o n  i s  averaged ove r  

a reg ion  where t h e  con t r ibu t ion  from t h e  lower p a r t  of t h e  

acceptance angle  w i l l  be  s i g n i f i c a n t l y  g r e a t e r  t han  t h e  

c o n t r i b u t i o n  from t h e  h ighe r  angle  po r t ion .  The problem 

i s  t o  unfold t h e  appara tus  func t ion  and t h e  t r u e  cross 
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This deconvolution has n o t  been performed f o r  t h e  

p r e s e n t  da t a .  The d i f f e r e n c e  between t h e  r e a l  cross 

s e c t i o n  and observed c ross  s e c t i o n  i s  expected t o  be 

s i g n i f i c a n t  on ly  a t  t h e  smallest .angles.  R. H. McXnight5* 
P 

f o r  t h e  geometry of J :E4 0 1 2  
-has numerical ly  eva lua ted  

* AR 
t h e  p r e s e n t  appara tus .  This  inc ludes  t h e  angular  depend- 

ence of t h e  cross s e c t i o n  i n  t h e  eva lua t ion  of t h e  appara- 

t u s  geometry func t ion .  The r e s u l t s  i n d i c a t e  t h a t  t h e  

/ 

observed cross s e c t i o n  may be  as much as 25% h ighe r  than  

t h e  t r u e  cross s e c t i o n  a t  lo, b u t  t h a t  t h e  discrepancy 

has reduced t o  about 4 %  by 2O. 

A thorough deconvolution of  appara tus  func t ion  and 

c r o s s  s e c t i o n  may no t  be  j u s t i f i e d  due t o  a d d i t i o n a l  

problems a t  l o w  angles. A t  angles  l - a s  than 2.0° 
1 

p a r t  of t h e  primary beam m i s s e s  t h e  c o l l e c t o r  cup edge 

and e n t e r s  t h e  d e t e c t o r  assembly (as mentioned p r e v i o u s l y ) .  

This  a l lows f o r  t h e  p o s s i b i l i t y  o f  primary beam p a r t i c l e s  

d e f l e c t i n g  f r o m  t h e  first de f in ing  s l i t  edge through t h e  

second a p e r t u r e  on to  t h e  p a r t i c l e  detector. I n  p r a c t i c e ,  

f o r  angles  n e a r  lo, t h e  apparent  magnitude of  t h e  

s c a t t e r e d  p a r t i c l e  cross s e c t i o n  could  be changed by a l m o s t  

a factor of two by d e l i v e r a t e l y  focusing t h e  beam fo r  

maximum apparent  s c a t t e r i n g .  This  d i f f i c u l t y  probably 

a r i s e s  from t h e  combination o f  beam p r o f i l e  d i s t o r t i o n  
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and r e f l e c t i o n s  from t h e  f irst  de f in ing  s l i t .  Some of t h e  

apparent i n c r e a s e  could b e  s u b t r a c t e d  o u t  a s  background 

s i n c e  it remained a f t e r  g.as w a s  removed from t h e  chamber. 

I n  o r d e r  t o  minimize geometr ica l  d i f f i c u l t i e s ,  d a t a  

wexe taken i n  t h e  fol lowing manner. T h e  beam w a s  focused 

. f o r  maximum c u r r e n t  with t h e  d e t e c t o r  assembly a t  a l a r g e  

angle  where t he  beam went deep i n t o  t h e  cup. The r a t i o  

between t h i s  t r u e  i n t e n s i t y  and t h e  i n t e n s i t y  a t  t h e  p a r t i -  
/ 

c u l a r  angle  of i n t e r e s t  (where some beam might pas s  i n t o  

t h e  d e t e c t o r  o r  appear diminished by loss of secondar ies )  

w a s  measured. Without re focus ing ,  d a t a  w a s  c o l l e c t e d  

f o r  gas- in  t h e  chamber and for backgound o r  gas-out of 

t he  chamber. The beam i n t e n s i t y  r a t i o  ( o r  c o l l e c t i o n  

e f f i c i e n c y )  was remeasured. (This c o l l e c t i o n  e f f i c i e n c y  

r a t i o  w a s  observed t o  vary by as much as 58 between p o s t  

and p r i o r  measurements.) Data taken i n  t h i s  manner w a s  

reproducib le  t o  better than  k15% even a t  t h e  lowest angles  

(nea r  lo). 

The q u a n t i t i e s  PzS and Po are n o t  a f f e c t e d  by t h e  

preceding geometr ica l  problems s i n c e  t h e  geometry f a c t o r s  

are i d e n t i c a l  f o r  t h e  numerator and denominator of t h e s e  

f r a c t i o n s .  

. __ .. . . "_ . . . , .,~ . ... . -cc _-. , . . ... . --.-.... I . 
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I V .  AUXILIARY MEASUREMENTS 

A .  P r e s s u r e  

The p res su re  i n  t h e  s c a t t e r i n g  chamber w a s  monitored 

throughout t h e  experiment by a Bayard-Alpert type ion iza -  

t i o n  gauge. A Consolidated Vacuum Corporation model 

GIC-017 gauge and model GIC-11OB control  c i r c u i t  w e r e  used. 

The emission of i o n i z i n g  e l e c t r o n s  from t h e  f i l amen t  w a s  

c o n t r o l l e d  a t  2 mill iamps ( w e l l  below t h e  manufacture2's 

s tandard  of about 7 mi l l iamps) .  The o r i g i n a l  gauge f a i l e d  

before  completion of t h e  experiment, so t h a t  t w o  d i f f e r e n t  

gauges w e r e  used. 

The i o n i z a t i o n  gauge w a s  considered t o  be an adequate 

and s t a b l e  i n d i c a t o r  of t h e  r e l a t i v e  p r e s s u r e ,  b u t  w a s  

c a l i b r a t e d  a g a i n s t  a McLeod gauge t o  o b t a i n  abso lu te  

p re s su re  va lues .  The McLeod gauge employs Boyles law t o  

measure l o w  gas  p re s su res  by compressing a known volume 

(a t  t h e  p re s su re  t o  be measured) i n t o  a small  c a p i l l a r y  and 

measuring t h e  p re s su re  i n  t h e  c a p i l l a r y .  The p r e s s u r e  i n  

t h e  c a p i l l a r y  i s  determined f r o m  comparison of h e i g h t s  of 

columns of  mercury,one compressing t h e  gas  i n  t h e  c a p i l l a r y  

and t h e  o t h e r  i n  an i d e n t i c a l  c a p i l l a r y  open t o  t h e  

system a t  l o w  p re s su re .  The p a r t i c u l a r  gauge used w a s  a 

commercial model produced by Consolidated Electrodynamics 

Corporation. I t  opera ted  i n  t h e  p r e s s u r e  range 1 x 

t o  2 x of Hg by compressing a volume of  2210 cm3 

r . .  
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i n t o  a c a p i l l a r y  of .a533 c m  diameter .  

i 

The gauge w a s  connected t o  t h e  system through a 

l i q u i d  n i t r o g e n  co ld  t r a p  ihch  copper tubing and 

g l a s s  tubing o f  approximately t h e  same diameter. The t o t a l  

l eng th  from t h e  gauge bulb t o  t h e  chamber w a s  about 5 feet. 

Such gauges are subject t o  a number of  sys temat ic  

errors. The most s i g n i f i c a n t  is  t h e  Gaede51 (or  I i ~ h i ~ ~ )  

effect .  Mercury f r o m  t h e  r e s e r v o i r  streaming toward t h e  

co ld  t r a p  between t h e  gauge and t h e  system c a r r i e s  gas  of 

which t h e  p a r t i a l  p re s su re  i s  t o  be  measured wi th  it. 

There are t w o  e s t a b l i s h e d  techniques f o r  reducing t h i s  

e f f e c t .  One i s  t o  res t r ic t  communication of  t h e  mercury 

reservoir w i t h  t h e  vacuum system wi th  an o r f i c e .  This  

r e q u i r e s  mod i f i ca t ion  of t h e  gauge and w a s  n o t  a t tempted.  

The o t h e r  technique  i s  t o  cool t h e  mercury r e s e r v o i r  t h u s  

reducing t h e  vapor p r e s s u r e  of t h e  mercury. 

For t h e  p r e s e n t  measurements t h e  mercury r e s e r v o i r  

was cooled t o  approximately -15OC by dry ice. The 

observed p r e s s u r e  d i f f e r e n c e  between t h e  cooled and 

uncooled McLeod Gauge f o r  Argon gas  was approximately 1 6 % .  

This  w a s  found t o  be i n  reasonable  agreement with t h e  

measurement and c a l c u l a t i o n  of deVries and R o ~ ~ ~ .  

assumed t h a t  n o t  m o r e  t h a n  about  2% error remained due t o  

t h i s  e f f e c t .  For helium gas t h e  Gaede effect  i s  much less 

s i g n i f i c a n t .  

It is 

'I ! 
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Thermal t r a n s p i r a t i o n  can cause sys temat ic  errors 

when a c o l d  t r a p  is  used o r  when t h e  mercury r e s e v o i r  i s  

cooled53*54e Th i s  source of error i s  dependent on t h e  
i 

dimensions of t h e  co ld  t r a p ,  as w e l l  as t h e  temperature  
i 

i 
r s '  

. I  

e. 4 
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> 
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_ .  

d i f f e r e n c e  between gauge bu lb  and chamber. The 

dimensions o f  t h e  co ld  t r a p  w e r e  such a s  t o  minimize any 

error due t o  t h e  presence of a t r a p .  The bulb  of t h e  

gauge w a s  p a r t i a l l y  cooled i n d i r e c t l y  when t h e  mercury 
-F 

r e s e v o i r  was cooled. Assuming a bulb temperature of O°C, 

chamber t empera tu re  of 23OC, and t h e  l a w  of thermal 

t r a n s p i r a t i o n ,  

t h e  error i n  t h e  p re s su re  would be  3.5%. The l a w  of 

thermal  t r a n s p i r a t i o n  is n o t  always obeyed . The 53 

correction es t ima ted  r e p r e s e n t s  a m a x i m u m .  Since t h i s  

error is  not e x a c t l y  known, b u t  is estimated t o  be less 

than  3.5%, it has  been ignored i n  t h e  p r e s e n t  work. 

A f u r t h e r  source  of error i s  a p o s s i b l e  d i f f e r e n c e  

i n  t h e  d e p r e s s i o n  of t h e  mercury i n  t h e  t w o  c a p i l l a r i e s  

due t o  surface forces. T h e r e  are techniques f o r  reducing 

t h i s  "sticking" of t h e  mercury i n  t h e  c a p i l l a r i e s ,  such as 

roughening %he c a p i l l a r y  surfaces wi th  acid. According 

t o  the manufac turer  t h e  gauge used has been t r e a t e d  t o  

reduce sticking. Some au thor s  r e p o r t  " tapping" t h e  

c a p i l l a r i e s  t o  overcome s t i c k i n g .  W e  found t h a t  such 
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tapping w a s  necessary f o r  t h e  gauge used i n  o rde r  t o  

reduce random e r r o r s .  The re la t ive depression of t h e  

c a p i l l a r i e s  can be  checked experimental ly  as descr ibed  

by C a r r 5 * .  

ies can be compared d i r e c t l y .  N o  sys temat ic  d i f f e r e n c e  

, i n  t h e  c a p i l l a r y  depress ion  was found f o r  t h e  gauge used, 

I f  very l o w  vacuums a r e  a t t a i n e d  t h e  c a p i l l a r -  

b u t  s e v e r a l  a t tempts  a t  measuring it reveal t h a t  t h e  

s t i c k i n g  of t h e  mercury i n  t h e  c a p i l l a r i e s  may be thG-main 

source of random error i n  t h e  measurements. 

An example of t h e  d a t a  for  c a l i b r a t i o n  of t h e  ion  

gauge t o  t h e  McLeod gauge i s  shown i n  Fig,  11. The ion  

gauge, as opera ted ,  gave values  about a factor of 30 l o w e r  

than  t h e  t r u e  p r e s s u r e  for  helium, and about a f a c t o r  of 

8 l o w  f o r  argon. 

The overall  sys t ema t i c  errors i n  t h e  p re s su re  

measurement should be  less than  +7%. Adding t o  t h i s  t h e  

random errors and p o s s i b l e  changes i n  t h e  ion  gauge, t h e  

measured p r e s s u r e s  may be  as i naccura t e  as +-lo%, i n  s p i t e  

of t h e  cons iderable  care taken i n  t h e s e  measurements, 

.. 
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An a t tempt  was made t o  check t h e  p r o f i l e  of a beam o f  

4 keV protons by counting p a r t i c l e s  and 2 s  photons a s  a 

func t ion  of angle  n e a r  zero degrees  d e t e c t o r  s e t t i n g .  A 

reasonably s teady  beam of 6 x amps was obta ined .  The 

-number of 2 s  photons,  n e u t r a l  hydrogen a t o m s ,  and t o t a l  

p a r t i c l e s  (pro tons  and hydrogen atoms) w e r e  counted fo r  

gas  i n  t h e  chamber and with t h e  chamber evacuated (see Fig .  
/-I 

12) * f 

With t h e  chamber evacuated, t h e  be& ( t o t a l  p a r t i c l e s )  

w a s  very w e l l  def ined ,  c u t t i n g  off a t  d e t e c t o r  p o s i t i o n s  

41.58 and 41.92,  corresponding t o  8 = 0.46O and 0 = -0.45O, 

i f  zero  angle  is  taken t o  be 41.76 as previous ly  measured. 

The counting rate i n s i d e  t h e s e  l i m i t s  qu i ck ly  r o s e  above 

t h e  response  of t h e  e l e c t r o n i c s .  With t h e  chamber evacu- 

a t e d  some s m a l l  r eproducib le  peaks w e r e  found i n  t h e  2 s  

photon, and n e u t r a l  i n t e n s i t y .  For t h e  photon case, t h e s e  

r e s u l t s  f o r  gas  o u t  of t h e  chamber are shown i n  Fig.  1 2 .  

These small  i r r e g u l a r i t i e s  are probably due t o  r e f l e c t i o n s  

from t h e  f i r s t  s c a t t e r e d  p a r t i c l e  d e f i n i n g  s l i t  edges.  

With argon g a s  a t  a pressure of 3.4 x lO--*mm o f  Hg i n  

t h e  chamber, t h e s e  s m a l l  i r r e g u l a r i t i e s  could n o t  be  seen. 

The 2 s  photon s i g n a l  (der ived  f r o m  t h e  d i f f e r e n c e  of quench- 

on and quench-off t i m e  i n t e g r a t i o n s )  i s  shown f o r  gas  i n  

t h e  chamber. The shaded extremities of  t h e  peak r e p r e s e n t  
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t h e  photons from atoms which have undergone charge 

t r a n s f e r  and have been s c a t t e r e d  o u t  o f  t h e  d i r e c t  beam. 

These r ep resen t  only about 7% o f  t h e  t o t a l .  This  informa- 

t i o n  w i l l  be used i n  t h e  photodetec tor  c a l i b r a t i o n .  The 

f r a c t i o n  of atoms formed by charge t r a n s f e r  and s c a t t e r e d  

o u t  of t h e  beam should decrease  wi th  inc reas ing  energy due 

t o  t h e  n e c e s s i t y  of impart ing g r e a t e r  l a te ra l  momentum for  

t h e  same angular  displacement.  The d i f f e r e n t i a l  cross 

s e c t i o n  var ies  as 1/T2 where T is  k i n e t i c  energy. A t  

e n e r g i e s  above 4 keV f e w e r  atoms w i l l  be s c a t t e r e d  o u t  of 

t h e  beam. 

From Fig.  1 2 ,  t h e  zero p o s i t i o n  of t h e  d e t e c t o r  assem- 

b ly  i s  seen t o  be 4 1 . 7 6  k.01. The beam de f in ing  geometry 

and c a l i b r a t i o n  of angular  p o s i t i o n  t o  reading of t h e  

crank p o s i t i o n  have been mentioned. 

a p e r t u r e s  a l l o w  t h e  maximum angular  divergence,  k A e ,  of 

t h e  beam t o  be  +1/4O. This  would al low a beam width o f  

0.105 inches  a t  t h e  second s c a t t e r e d  p a r t i c l e  acceptance 

geometry de f in ing  ape r tu re .  Since t h e  beam i n c i d e n t  on 

t h e  beam d e f i n i n g  a p e r t u r e s  i s  n e a r l y  p a r a l l e l ,  it i s  

expected t h a t  t h e  t r u e  beam width would be smaller. Fig.  

1 2  i l l u s t r a t e s  t h a t  t h e  full beam width (with chamber 

evacuated) i s  0.35 t u r n s  (0.83 degrees)  which is  a beam 

width o f  .049 i nch  a t  t h i s  second s c a t t e r e d  p a r t i c l e  

de f in ing  s l i t .  The minimum beam width expected i s  t h e  

, 0 4 0  inch  diameter of t h e  beam de f in ing  ape r tu re s .  

The beam d e f i n i n g  

. . . . . . .. . - . . .. . . .  . . . 
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C. Photodetec tor .  

1. General Operation. 

Both t h e  photodetec tor  and t h e  p a r t i c l e  d e t e c t o r  w e r e  

e l e c t r o n i c a l l y  connected a s  pu l se  count ing devices .  In  t h e  

case of t h e  photodetec tor ,  the  photocathode was h e l d  a t  

ground p o t e n t i a l  while  t h e  anode o f  t h e  m u l t i p l i e r  was a t  
. 

p o s i t i v e  high vo l t age  (see Fig .  13 ) .  Pu l ses  of  .charge a t  

t h e  anode genera ted  a t r a n s i e n t  vo l t age  i n  a 10  megohm 

r e s i s t o r  ( o u t s i d e  t h e  vacuum system) between t h e  high 

vo l t age  supply and anode. These vo l t ages  p u l s e s  w e r e  

passed by a blocking c a p a c i t o r  (blocking t h e  high vo l t age )  

t o  a p reampl i f i e r  of t h e  type  descr ibed  by EdwardsEj5 and 

r e f e r r e d  t o  h e r e  as t h e  n u v i s t o r  preamp. The only  modifi- 

c a t i o n  of t h e  o r i g i n a l  p reampl i f i e r  design being t h e  

a d d i t i o n  of by-passing c a p a c i t o r s  between t h e  p reampl i f i e r  

b i a s  vo l t age  and ground, t o  reduce e l e c t r o n i c  n o i s e  a r i s i n g  

from t h e  coupl ing of t h e  p reampl i f i e r  t o  t h e  p r e a m p l i f i e r  

b i a s  vo l t age  supply.  The ou tpu t  of t h e  preamp was 

processed by a H a m m e r  model NA-15 ampl i f i e r -d i sc r imina to r  

and recorded on a scaler. 

The photodetec tor  was opera ted  with 3000 v o l t s  app l i ed  

between t h e  photocathode and t h e  anode. T h i s  app l i ed  

vo l t age  r e s u l t s  i n  a ga in  f o r  t h e  m u l t i p l i e r  of about 6 x 

E l e c t r o n i c  n o i s e  from p r e a m p l i f i e r . o p e r a t i o n ,  l i n e  

I 

I 

.-. . .  ... 
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vol tage  t r a n s i e n t s ,  and o t h e r  sources  had t o  be mini- 

mized and d iscr imina ted  aga ins t .  I n  t h e  angular ly  d i f f e r -  

e n t i a l  measurements, f r equen t ly  only  a few photon s i g n a l  

counts pe r  minute w e r e  received.  Therefore  e l e c t r o n i c  

no i se  from ope ra t ion  of  o t h e r  equipment i n  t h e  l abora to ry  

had t o  be e l imina ted .  

ampl i f i ca t ion  and d i sc r imina t ion  w e r e  s e l e c t e d  f o r  most 

To minimize t h e s e  no i se  problems, 

no i se  free ope ra t ion  r a t h e r  than  maximum t ransmiss ion  of 

pu l ses .  

F ig .  i 4  shows t h e  d i s t r i b u t i o n  of photon pu l se  he igh t s  

a f t e r  a m p l i f i c a t i o n .  T h i s  measurement w a s  made wi th  

1 0  keV pro tons  i n c i d e n t  on argon t a r g e t  gas .  The p res su re  

i n  t h e  chamber w a s  h e l d  cons t an t  and a cons tan t  t o t a l  beam 

charge was c o l l e c t e d  for each d a t a  po in t .  T h e  discr imina-  

t i o n  s e t t i n g  i n d i c a t e s  t h e  minimum p u l s e  he igh t  (approxi- 

mately i n  v o l t s )  which i s  passed by t h e  e l e c t r o n i c s  and 

counted. For a s t a b l e  and n o i s e  free ope ra t ion  t h e  ampli- 

f i c a t i o n  chosen i n  t h e  NA-15 a m p l i f i e r  was t h e  lower value 

(coarse g a i n  1/8, f i n e  g a i n  1 . 0 ) .  The d i s c r i m i n a t o r  

s e t t i n g  used throughout  t h e  d a t a  c o l l e c t i o n  w a s  1 . 0 .  For 

t h i s  ope ra t ion ,  t h e  d e t e c t o r  dark c u r r e n t  w a s  about 1 5  - 
20 counts p e r  minute being d i s t r i b u t e d  i n  pulse  he ight  

s i m i l a r  t o  s i g n a l  pu l se s .  

From Fig .  14 it i s  seen t h a t  for  t h e  selected opera- 

t i n g  cond i t ions  on ly  about 2 ,700  of approximately 4 , 2 0 0  

a v a i l a b l e  s i g n a l  counts  are t r a n s m i t t e d  by t h e  e l e c t r o n i c s .  

. . _  
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. .  The e l e c t r o n i c s  t ransmiss ion  f a c t o r  i s  thus  about 0.64.  

Using t h i s  t ransmiss ion  f a c t o r  along w i t h  (manufac- 

t u re r ’ s  s p e c i f i e d )  photodetec tor  quantum e f f i c i e n c y  o f  

1 6 % ,  t h e  f r a c t i o n  of 4n s o l i d  angle  viewed by t h e  photo- 

d e t e c t o r ,  and 

tungsten w i r e  

reg ion;  it is  

t h e  0.88 t ransmiss ion  factor f o r  t h e  

screen  between d e t e c t o r  and t h e  quenching 
1 

p o s s i b l e  t o  determine what f r a c t  

t o t a l  a v a i l a b l e  photons are co . This  fac 

cP def ined  i n  s e c t i o n  111. Th i d  angle  w a s  

be t h e  area of t h e  s p e c i f i e d  photodetec tor  e f f e c  

opening (3 /8  i n c h  diameter)  d iv ided  by t h e  d i s t a n c e  

squared from t h i s  opening t o  t h e  s c a t t e r e d  p a r t i c l e  beam 

(17/16 i n c h ) .  The r e s u l t i n g  valve f o r  i s  6.8 x 

c 

-.. 

, 
For s e v e r a l  reasons ,  t h i s  value was n o t  accepted as 

determining t h e  q u a n t i t y  E ~ .  

t i o n  of quantum e f f i c i e n c y  i s  n o t  considered s a t i s f a c t o r y  

as it may change and t h e  method and cond i t ions  of de t e r -  

mination are n o t  p r e c i s e l y  known o r  c o n t r o l l e d  by t h e  

experimenter.  I n  o r d e r  t o  o b t a i n  as much of t h e  available 

s i g n a l  as p o s s i b l e  t h e  photodetec tor  geometry is gross and 

The manufacturers spec  

. *  

n o t  w e l l  def ined .  The determina t ion  of t h e  e l e c t r o n i c s  

t ransmiss ion  factor  i s  n o t  p r e c i s e .  

2.  Eff i c i ency  - Normalization t o  Previous Measured 
T o t a l  Cross Sec t ions  fo r  Trans fe r  t o  H ( 2 s ) .  

It w a s  decided t o  e s t a b l i s h  a va lue  f o r  Ep’by 

measuring t h e  t o t a l  ( a l l  angles )  cross s e c t i o n  f o r  
. .. . 

, ’, 
, .A‘* ’ 

charge 
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t r a n s f e r  t o  t h e  2 s  s ta te  of hydrogen i n  proton-helium 

c o l l i s i o n s  and normalizing t h e  r e s u l t  t o  prev ious ly  

publ ished cross s e c t i o n s .  

This  measurement w a s  accomplished, as mentioned, by 

s e t t i n g  t h e  detector assembly a t .  t h e  zero  ang 

'and measuring t h e  number of forward s c a t t e r e d  

The proton beam a t  the  c o l l e c t i o n  cup which w 

of the  p a r t i c l e  m u l t i p l i e  

A l l  atoms formed by charge t r a n s f e r  t o  

n o t  s c a t t e r e d  o u t  of t h i s  de f ined  beam 

t h e  quenching reg ion  and could be detec 

measurements t h e  width of t h e  f i r s t  s l i t  def 

assembly acceptance geometry was se t  a t  

The l eng th  of t a r g e t  gas, i n  which 

J 

' takes p lace ,  must be s p e c i f i e d  for  t o t a l  t r a n s f e r  

measurements. Th i s  l e n g t h  w a s  measured t o  be 2 . 4 2  i nches  

Effusion of t h e  gas through t h e  incoming beam a p e r t u r e  and 

t h e  opening i n t o  t h e  detector assembly 

effective a d d i t i o n  t o  t h i s  length .  Th i s  e f f u s i o n  

expected t o  extend beyond approximately t h e  diamet 

t h e   opening^^^,^^. 
of 2.50 inches  (6.30 cm)  . 

This  a d d i t i o n  g i v e s  an e f f e c t i v e  l e n g t  

The measured t o t a l  cross s e c t i o n  f o r  2 s  charge t r ans -  

f e r  for  pro tons  on helium w a s  normalized t o  t h e  re 

Jaecks ,  e t  a131 and Andreev, e t  a133, a t  t h e  i 
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energy of 1 6  keV where t h e  two publ i shed  measurements a r e  

i n  b e s t  agreement. 

and Dose58 have n o t  been used due t o  ques t ionable  normal- 

(Avai lable  r e s u l t s  of C o l l i ,  e t  a122 

i z a t i o n  and t h e  r e s u l t s  of Ryding, e t  a159 are o u t  of t h e  

p re sen t  energy range.)  The r e s u l t  i s  i l l u s t r a t e d  i n  Fig.  

.15. This  s i n g l e  p o i n t  normalizat ion w a s  chosen over a 

many p o i n t  normal iza t ion  which could have compensated f o r  

any sys t ema t i c  e r r o r s .  The value obta ined ,  by t h i s  
/ 

normal iza t ion ,  for  E$ is  6.4 x lom4 (wi th in  6% of t h e  

value of 6 . 8  x low4 obta ined  using quoted quantum e f f i c i e n c y  

f o r  t h e  d e t e c t o r  and o t h e r  measured q u a n t i t i e s ) .  

The cross s e c t i o n  for t r a n s f e r  t o  t h e  2 s  s t a t e  o f  

hydrogen from proton-argon c o l l i s i o n s  w a s  a l s o  measured. 

Using t h e  normal iza t ion  determined from t h e  helium 

measurement, t h e  argon r e s u l t s  are compared t o  o t h e r  

publ ished r e s u l t s  ( inc luding  those  of Bayfield6*) i n  Fig.  

1 6 .  The r e s u l t s  show favorable  cons is tency ,  s i n c e  a l l  of 

t h e  p r e s e n t  d a t a  are wi th in  t h e  a b s o l u t e  e r r o r s  quoted by 

t h e  previous i n v e s t i g a t o r s .  

I n  both helium and argon cases t h e  s l o p e  of  t h e  cross 

s e c t i o n  as a func t ion  of impact energy appears s l i g h t l y  

greater f o r  t h e  p r e s e n t  d a t a  than  f o r  other measurements. 

The p resen t  d a t a  has  been corrected for t h e  changing wi th  

par t ic le  v e l o c i t y  o f  t h e  f r a c t i o n  of t o t a l  2 s . a t o m s  decay- 

i n g  wi th in  t h e  l e n g t h  of  quenching r eg ion  viewed by t h e  

photodetec tor .  Th i s  c o r r e c t i o n  has  an adverse e f f e c t  on 

the  slope disagreement (Appendix A )  . 
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Fig. 15 

TOTAL CHARGE TRANSFE TO H(2s)  
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There a r e  a d d i t i o n a l  p o s s i b l e  sources  of sys t ema t i c  

error i n  t h e  normalizat ion which are more e l l u s i v e  and f o r  

which c o r r e c t i o n  has n o t  been made'. These inc lude :  1. 

d i f f e r e n c e s  between t h e  several i n v e s t i g a t o r s  i n  t h e  polar -  

i z a t i o n  of t h e  quench induced r a d i a t i o n  (Appendix B ) ,  

.2. 

ex tens ion  of  t h e  quench f i e l d  through t h e  s c a t t e r e d  

p a r t i c l e  acceptance ho le  (Appendix A) 3 .  d i f f e r e n c e s  

quenching of r a d i a t i o n  be fo re  t h e  viewed region due t o  

between p resen t  and previous i n v e s t i g a t o r s  i n  c o n t r i b u t i o n  

of cascade f r o m  h igher  hydrogen states t o  t h e  2 s  s ta te  

(Appendix C)  4 .  t h e  loss of atoms s c a t t e r e d  o u t  of t h e  

beam i n  t h e  p r e s e n t  experiment. 

Because of normalizatio,n, any errors i n  t h e  p r e s e n t  

d a t a  which do n o t  change wi th  energy o r  angle  w i l l  n o t  

appear i n  t h e  r e s u l t s  fo r  any measured q u a n t i t i e s  depending 

on Ehoton d e t e c t i o n .  However, an error  i n  measurement of 

t o t a l  cross s e c t i o n  f o r  t r a n s f e r  t o  H ( 2 s )  which does n o t  

appear  i n  t h e  d i f f e r e n t i a l  ( i n  angle)  measurements w i l l  

l e a d  t o  an error i n  t h e  quoted magnitude f o r  PzS and 

da2s 'r 
undergo t r a n s f e r  and are s c a t t e r e d  o u t  of t h e  primary beam 

T h e  error due t o  f a i l u r e  t o  count atoms which 

is  such an error. 

The f r a c t i o n  of hydrogen atoms formed i n  t h e  2s state 

by t r a n s f e r  and s c a t t e r e d  o u t  of t h e  beam has been 

e s t a b l i s h e d  t o  be about 7% f o r  pro tons  on argon a t  4 keV. 
. .  



As mentioned, t h i s  f r a c t i o n  i 
~. . 

f 

. .. 
' e  

. is: 

, !  

I 

82. 

a maximum a t  l o w  ene rg ie s  

because of t h e  1/T2 (T i s  energy) dependence of t h e  

d i f f e r e n t i a l  crsos s e c t i o n .  Since t h e  charge t r a n s f e r  

f r a c t i o n s ,  Po and P2s, are s m a l l e r  f o r  helium t h a n  f o r  

argon, t h e  f r a c t i o n  charge t r a n s f e r e d  and s c a t t e r e d  o u t  of 

. t h e  beam should be smaller fo r  helium than  for  argon. 

Thus t h e  f r a c t i o n  of atoms formed by charge t r a n s f e r  and 

s c a t t e r e d  o u t  of t h e  beam is  a t  most about 7%. S ince  t h e  
4 

normal iza t ion  of t h e ' t o t a l  cross s e c t i o n  for  t r a n s f e r  t o  

E I ( 2 s )  is  a t  1 6  keV, t h e  error i n  t h e  photodetec tor  

normal iza t ion  cons t an t  may be expected t o  be about 3 - 4%. 
This  error has been neglec ted .  

Two of t h e  o t h e r  sources  of sys t ema t i c  error could 

have an i n f l u e n c e  on t h e  magnitude of t h e  photodetec tor  

normal iza t ion  cons tan t .  The p o l a r i z a t i o n  of t h e  quench 

induced r a d i a t i o n  i s  d iscussed  i n  Appendix B. Th i s  

p o l a r i z a t i o n  w i l l  affect  t h e  measured va lues  of cross 

s e c t i o n s .  The p o l a r i z a t i o n  i n  t h e  p r e s e n t  data should  be  

n e a r l y  t h e  same as t h a t  of Andreev, e t  a133 which w a s  used 

for  normal iza t ion .  The p o l a r i z a t i o n  of  t h e  d a t a  of 

Jaecks ,  e t  a l3 I  has  n o t  been determined, b u t  t h e  normaliza- 

t i o n  i s  a t  a p o i n t  where t h e  t o t a l  cross s e c t i o n  f o r  t r a n s -  

f e r  t o  H ( 2 s )  agrees  w i t h  t h a t  of Andreev, e t  a l .  N o  

c o r r e c t i o n  of the normal iza t ion  fo r  p o l a r i z a t i o n  has  been 

made. The c a l c u l a t i o n s  of appendix B i n d i c a t e  t h a t  t h e r e  

may be an overal l  e r r o r  of 8% i n  t h e  cross s e c t i o n s  
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of Andreev, e t  a1 used as normalizat ion s tandards  as w e l l  

as i n  a l l  of t h e  p re sen t  H ( 2 s )  da t a .  The d i f f e r e n c e ,  

between p resen t  work and t h a t  used f o r  normalizat ion i n  t h e  

con t r ibu t ion  of  cascade t o  t h e  populat ion o f  H ( 2 s )  a t  t h e  

d e t e c t o r  i s  d iscussed  i n  Appendix C. The es t imated  d i f f e r -  

ence i s  about 2 t o  3 % .  This error has als 'o been neglec ted .  

Some o f  t h e  p o s s i b l e  sys t ema t i c  e r r o r  sources  could 

have a s m a l l  e f f e c t  on t h e  s l o p e  of t h e  p re sen t  data (as a 

funct ion  o f ,  Energy).  The change wi th  energy o f  t h e  f r a c t i o n  

of H ( 2 s )  scattered o u t  of t h e  primary beam could affect  t h e  

s l o p e  of t h e  t o t a l  c r o s s  s e c t i o n s  f o r  t r a n s f e r  t o  H ( 2 s ) ,  b u t  

on ly  by about 3 - 4 % .  (The d i f f e r e n t i a l - i n - a n g l e  measure- 

ments would n o t  be a f f e c t e d . ) ,  The loss of  H ( 2 s )  due t o  

prcquenching by t h e  electric f i e l d  extending through t h e  

en t rance  a p e r t u r e  of t h e  quenching c a p a c i t o r  is  estimated 

i n  Appendix A. Again t h e  p o s s i b l e  change i n  t h e  f r a c t i o n  

l o s t  wi th  vary ing  energy, should only be about 4 % .  ( I n  t h i s  

case t h e  d i f f e r e n t i a l  measurements would be  a f f e c t e d  i n  t h e  

same way.) These s m a l l  errors a f f e c t  t h e  s l o p e  of t h e  

t o t a l  c r o s s  s e c t i o n  f o r  t r a n s f e r  t o  H ( 2 s )  i n  t h e  same 

direct ion-  g r e a t e s t  loss at  lowest ene rg ie s .  H o w e v e r ,  t h e  

s lope  discrepancy introduced w i l l  n o t  be  q u i t e  as l a r g e  as 

t h e  apparent  discrepancy between p r e s e n t  and previous 

i n v e s t i g a t o r s  (F igs .  15  and 1 6 ) .  

Even though t h i s  d i f f e r e n c e  i n  s lope  of t h e  cross 

s e c t i o n s  may l ead  t o  s i m i l a r  error i n  t h e  measurements o f  
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d i f f e r e n t i a l  t r a n s f e r  t o  t h e  2s  s ta te ,  t h e  problem is  n o t  

considered t o  be s e r i o u s .  The s t a t e d  absolu te  value of  t h e  

var ious  measurements used f o r  normalizat ion and comparison 

are: 540% by Jaecks ,  e t  a l ;  520% by Andreev, e t  a l ;  +55% 

by Bayfield.  The d i f f e r e n c e s  between p resen t  d a t a  and 

.previous i n v e s t i g a t o r s  are wi th in  t h e s e  errors throughout 

t h e  region.  F u r t h e r ,  t h e  discrepancy between p r e s e n t  d a t a  
-c and t h a t  of  o t h e r  i n v e s t i g a t o r s  'is n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  t h e  d iscrepancies  among t h e  o t h e r  i n v e s t -  

i g a t o r s .  

The a b s o l u t e  uncer tan ty  of  t h e  value of  i s  taken 

t o  be about 30% i n  accord wi th  errors s t a t e d  by t h e  previous 

i n v e s t i g a t o r s .  
\ 

Two d i f f e r e n t  photodetec tors ,  of  t h e  s a m e  model, w e r e  

used i n  t h e  course  o f  t h e  experiment. All of  t h e  t o t a l  2 s  

t r a n s f e r  cross s e c t i o n  measurements w e r e  made wi th  t h e  

first detector and prel iminary d i f f e r e n t i a l  2s cross 

s e c t i o n s  w e r e  measured and r epor t ed6I  wi th  t h i s  first 

d e t e c t o r .  (These r epor t ed  pre l iminary  measurements w e r e  

n o t  c o r r e c t e d  f o r  any of t h e  quench r e l a t e d  e r r o r s . )  A f t e r  

a loss of  vacuum acc iden t ,  t h i s  f i r s t  d e t e c t o r  d e t e r i o r a t e d  

and had t o  be  rep laced .  The second d e t e c t o r  w a s  used t o  

t a k e  a l l  o f  t h e  d i f f e r e n t i a l  measurements r epor t ed  here  and 

w a s  normalized t o  t h e  measurements made wi th  t h e  f i r s t  

detector. The va lues  o f  mentioned above, are a l l  f o r  

t h i s  second photodetec tor .  

The e f f i c i e n c y  of t h e  photodetec tors  used w a s  s t a b l e  
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throughout t h e  d a t a  c o l l e c t i o n  pe r iod  except  f o r  an abrupt  
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change i n  t h e  apparent  e f f i c i e n c y  of  t h e  second photo- 

d e t e c t o r .  This  change occurred suddenly and d e f i n i t e l y  

appearing as an apparent  change i n  from 6.4 x t o  

4 . 8  x A n  a t tempt  was made t o  trace t h i s  change t o  

e l e c t r o n i c  f a i l u r e  i n  p reampl i f i e r ,  a m p l i f i e r ,  o r  discr im- 

i n a t o r .  It  w a s  f i n a l l y  decided t h a t  t h e  change w a s  a real  

change i n  t h e  photodetec tor .  The d e t e c t o r  continued t o  

ope ra t e  i n  a c o n s i s t e n t  manner f o r  several months a f t e r  

t h i s  change, and wi th  t h e  adjustment of gave r e s u l t s  

c o n s i s t e n t  w i th  those  prev ious ly  obta ined .  

D. P a r t i c l e  M u l t i p l i e r  C h a r a c t e r i s t i c s .  -.. 

1. General Operation. 

The electronic arrangement fo r  t h e  p a r t i c l e  m u l t i p l i e r  

w a s  i d e n t i c a l  t o  t h a t  o f  t h e  photodetec tor  (Fig. 1 3 ) .  Th i s  

m u l t i p l i e r  has  1 3  s t a g e s  wi th  p a r t i c l e s  i n c i d e n t  d i r e c t l y  

on t h e  f irst  dynode of t h e  m u l t i p l i e r .  The vo l t age  d i v i d e r  

resistors used w e r e  one megohm, b u t  a l l  o t h e r  components i n  

' the  p a r t i c l e  d e t e c t i o n  channel were d u p l i c a t e s  of those  i n  

t h e  photon d e t e c t i o n  channel. The i n t e g r a t o r  c o n t r o l l e d  

c o l l e c t i o n  of d a t a  i n  both channels  simultaneously.  

The g a i n  o f  t h e  p a r t i c l e  m u l t i p l i e r  i s  n o t  p r e c i s e l y  

known b u t  w a s  cons iderably  less than  t h a t  of  t h e  photodetec- 

to r .  The p u l s e s  f r o m  t h e  p a r t i c l e  m u l t i p l i e r  w e r e  less 

favorably d i s t r i b u t e d  i n  amplitude than t h e  photon p u l s e s ,  

being grouped a t  s m a l l  amplitudes.  The pu l se  h e i g h t  d i s -  

1 I 
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t r i b u t i o n  changed with t i m e ,  as i l l u s t r a t e d  i n  Fig.  17 .  

This  change i s  i n d i c a t e d  by t h e  s t e e p e r  s lope  of t h e  p u l s e  

h e i g h t  curves ,  even wi th  inc reased  e l e c t r o n i c  ampl i f i ca t ion  

o r  inc reased  app l i ed  vol tage .  

This  d e t e r i o r a t i o n  may have been due t o  s e v e r a l  

f a c t o r s .  

a t o t a l  t i m e  of approximately 1 0  hours during i n s t a l l a t i o n  

The ba re  m u l t i p l i e r  w a s  exposed t o  atmosphere for  

I 

and p e r i o d s  when t h e  vacuum system w a s  open fo r  modifi-ca- 

I 

i 
i 
! . .  

t i o n s .  Prolonged exposure i s  known t o  a l t e r  t h e  m u l t i p l i e r  

dynode su r faces .  The ba re  m u l t i p l i e r  i n  t h e  chamber w a s  

exposed t o  minor changes i n  environment from use of 

various t a r g e t  gases ,  bu t  it w a s  i n  a vacuum of  1 x 10'4m 

of Hg or  l o w e r  throughout t h e  d a t a  c o l l e c t i o n  per iod .  The 

m u l t i p l i e r  w a s  cont inuously exposed t o  count r a t e s  nea r  
, 

50 kHz f o r  pe r iods  of  s e v e r a l  days. For  b r i e f  pe r iods  the  

m u l t i p l i e r  w a s  exposed t o  even m o r e  i n t e n s e  s i g n a l ,  f o r  

i n s t a n c e  dur ing  checks of beam p r o f i l e  o r  zero  ang le  

p o s i t i o n .  U s e  of t h e  m u l t i p l i e r  w a s  i n t e r m i t t e n t  between 

June and October of  1969 when most of t h e  change i n  p u l s e  

h e i g h t  d i s t r i b u t i o n  occurred.  Between October 1969 and 

A p r i l  1 9 7 0 ,  when m o s t  of t h e  presented  da ta 'was  c o l l e c t e d ,  

t h e  m u l t i p l i e r  w a s  used approximately 60 hours p e r  week. 

H o w e v e r ,  du r ing  t h i s  heavy use  pe r iod  t h e  pu l se  charac- 

ter is t ics  w e r e  reasonably stable so t h a t  t h e  apparent  

m u l t i p l i e r  e f f i c i e n c y  w a s  c o n s t a n t .  

*he n u v i s t o r  preamp and model NA-15 a m p l i f i e r  w e r e  
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used f o r  t h e  p re sen t  da t a .  The ope ra t ing  parameters ,  

app l i ed  vol tage  and selected ampl i f i ca t ion  and d iscr imina-  

t i o n ,  a r e  i n d i c a t e d  on Fig.  1 7 .  

During t h e  e n t i r e  pe r iod ,  t h e  same m u l t i p l i e r  w i t h  

d i f f e r e n t  p u l s e  process ing  e l e c t r o n i c s  w a s  used by R. H .  

McKnight i n  measurement of t h e  q u a n t i t i e s  Pap and 

f o r  charge t r a n s f e r  t o  t h e  2p s ta te  of hydrogen as w e l l  as 

PO dR 
photons f r o m  t h e  co l l i s ion  c e n t e r  i n  coincidence wi th  - the 

f a s t  s c a t t e r e d  atoms formed by charge t r a n s f e r ,  The 

d02p 
dR 

and datotal. This  experiment r equ i r ed  measurement of 

t iming requirements of t h e  coincidence technique d i c t a t e d  

t h e  n a t u r e  of t h e  p u l s e  handling e l e c t r o n i c s  (see r e f .  5 0 ) .  

Pu l se  h e i g h t  d i s t r i b u t i o n  wi th  t h e  e l e c t r o n i c s  of t h i s  

experiment are shown i n  Fig.  ,17, fo r  comparison and 

because t h e s e  e l e c t r o n i c s  w e r e  'used i n  t h e  measurement of 

t h e  p a r t i c l e  m u l t i p l i e r  e f f i c i e n c y .  

2. Eff i c i ency .  

A unique method of measuring t h e  p a r t i c l e  m u l t i p l i e r  

e f f i c i e n c y  w a s  used62. 

measurement between t h e  photons f r o m  t h e  quenched 2 s  a t o m  

and r e s u l t i n g  ground s ta te  hydrogen a t o m s .  This  technique 

The technique employs a 'coincidence 

i s  s imi l a r  t o  t h a t  used by C h r i s t o f o r i ,  e t  a163 (genera l -  

i zed  by S h e r i d a r ~ ~ ~ )  employing photon-photon coincidence t o  

measure e f f i c i e n c y  of photodetec tors .  For t h e  p r e s e n t  

appara tus  arrangement (Fig.  8 ) ,  a l l  of t h e  p a r t i c l e s  pass ing  

through t h e  quenching region s t r i k e  t h e  p a r t i c l e  m u l t i p l i e r .  

Those atoms i n  t h e  2s s t a t e  which e m i t  a de t ec t ed  photon 
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must also s t r i k e  t h e  p a r t i c l e  m u l t i p l i e r .  I f  an a t o m  which 

emi t ted  a d e t e c t e d  photon i s  counted by t h e  m u l t i p l i e r ,  

t h e  t w o  p u l s e s  w i l l  have a d e f i n i t e  t i m e  r e l a t i o n s h i p  and 

can d r i v e  a s t anda rd  coincidence module. The r a t io  o f  

coincidence counts  t o  t o t a l  photon counts  f o r  t h e  same 

c o l l e c t i o n  pe r iod  is  a d i r e c t  measure of t h e  e f f i c i e n c y  of  

t h e  p a r t i c l e  m u l t i p l i e r  f o r  d e t e c t i o n  of hydrogen atoms. 

Using t h i s  coincidence technique,  t h e  e f f i c i e n c y  of  
__- 

t h e  p a r t i c l e  mul t ip l ie r :  was measured as a func t ion  of i n c i -  

den t  proton energy. The schematic arrangement of t h e  

coincidence c i r c u i t r y  i s  shown i n  Fig.  18. The p u l s e  

process ing  e l e c t r o n i c s  used w e r e  t hose  of t h e  coincidence 

experiment for measurements of t h e  2p state.  The 

e l e c t r o n i c  parameters w e r e  se t  as i n d i c a t e d  i n  Fig.  1 7 .  

The number of photons from t h e  2 s  s ta te  was determined 

from t h e  d i f f e r e n c e  of two runs ,  one wi th  t h e  quench capa- 

c i t a to r  a t  h igh  vol tage  and one with it grounded. The 

numbers of a c c i d e n t a l  and a c c i d e n t a l  p l u s  real  coincidences 

w e r e  a l s o  appropr i a t e ly  sub t r ac t ed .  (The a c c i d e n t a l  rate 

w a s  q u i t e  s m a l l  s i n c e  t h e  t o t a l  s i g n a l  i n  t h e  photon channel 

w a s  s m a l l . )  Seve ra l  angles  of  scatter w e r e  used, b u t  t h e  

v a r i a t i o n  of m u l t i p l i e r  e f f i c i e n c y  w a s  found t o  b e  a 

func t ion  of p a r t i c l e  v e l o c i t y  only ,  as expected. 

The r e s u l t s  are presented  i n  Fig.  1 9 .  The coincidence 

measurement of e f f i c i e n c y  i s ,  n a t u r a l l y ,  f o r  n e u t r a l  

hydrogen atoms only.  As a check, t h e  e f f i c i e n c y  w a s  d e t e r -  

mined by a s e p a r a t e  technique.  From t h e  t o t a l  p a r t i c l e  
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counts (protons p lus  hydrogen atoms) which were collected 

during t h e  e f f i c i e n c y  measurements, t h e  t o t a l  s c a t t e r i n g  

d i f f e r e n t i a l  c r o s s  section can be ab ta ined  f o r  each angle  

and energy. This  cross s e c t i o n  c a n a l s o  be obta ined  from 

c l a s s i c a l  s c a t t e r i n g  theory  such as presented  i n  s e c t i o n  11. 

Using t h e  c a l c u l a t e d  cross s e c t i o n  obta ined  f r o m  t h e  work 

of D o s e l o ,  t h e  apparent  p a r t i c l e  d e t e c t o r  e f f i c i e n c y  f o r  

d e t e c t i n g  t h e  mixture  of protons and hydrogen atoms -- 

( s c a t t e r e d  from pro tons  on argon) w a s  ob ta ined  from t h e  

r a t io  of measured t o  ' ca lcu la ted  d i f f e r e n t i a l  cross s e c t i o n s .  

These r e s u l t s  are a l s o  shown on Fig.  1 9 .  

Experimental error i s  represented  by t h e  error ba r s .  

I n  t h e  coincidence measurement o f  t h e  e f f i c i e n c y  t h e  only  

errors are i n  t h e  e l e c t r o n i c  l o s s e s  and s t a t i s t i c a l  uncer- 

t a i n t y  o f  t h e  s u b t r a c t i o n  process .  The coincidence measure- 

ment has  been co r rec t ed  by 15% fo r  pu l se  losses due t o  p i l e  

up of 'counts  a t  t h e  high count rates used (nea r  100  kHz), 

and f o r  " f l a t t o p p i n g "  of pu l ses  which des t roys  t h e  cross 

over  t iming f i d e l i t y .  The e f f i c i e n c y  determined by 

comparing t h e  s c a t t e r e d  p a r t i c l e  i n t e n s i t y  wi th  t h a t  pre-  

d i c t e d  by classical  theory involves  experimental  errors i n  

t a r g e t  gas p r e s s u r e ,  beam col lec t ion ,  and geometry. N o  

e r r o r  f o r  t h e  c l a s s i c a l l y  c a l c u l a t e d  cross s e c t i o n  has been 

included.  The va lue  of  thk coincidence measurement of 

e f f i c i e n c y  is  i t s  independence of any o t h e r  measured o r  

c a l c u l a t e d  q u a n t i t y .  
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The e x c e l l e n t  agreement of t h e  t w o  independent 

measurements g i v e s  credence t o  t h e  coincidence technique.  

The agreement a lso suppor ts  t h e  assumption t h a t  t h e  

e f f i c i e n c y  o f  such d e t e c t o r s  i s  t h e  same f o r  hydrogen atoms 

and p ro tons  of t h e  same v e l o c i t y ,  s i n c e  t h e  measurement by 

comparison of cross s e c t i o n s  i s  f o r  d e t e c t i o n  of a mixture  

which averages s l i g h t l y  more protons than atoms. This  

e q u a l i t y  of d e t e c t i o n  e f f i c i e n c y  has  been assumed a n d -  

i a t e d  i n  experiments such as those  by Everhar t ,  

e t  a165 and is  supported by o t h e r  i n v e s t i g a t i o n s  o f  s u r f a c e  

quantum e f f i c i e n c y  fo r  product ion of  secondary e l e c t r o n s  

by atoms and i o n s  i n  var ious  charge states66, 
\ 

e e f f i c i e n c y  r e s u l t s  , f o r  t h i s  p a r t i c u l a r  mul t i -  

p l i e r  are cons iderably  lower than  t h e  80 - 1 0 0 %  va lues  

f r e q u e n t l y  assumed o r  measured f o r  such d e t e c t o r s .  The 

va lues  o b t a i n e d  may be inf luenced  by t h e  p e c u l i a r  construc-  

t i o n  and h i s t o r y  of t h i s  p a r t i c u l a r  d e t e c t o r .  

e problem i n  t h e  p r e s e n t  experiment w a s  n o t  t o  

o b t a i n  h i g h  e f f i c i e n c y ,  b u t  r a t h e r  t o  l i m i t  t h e  p a r t i c l e  

channel  count  rates to l e v e l s  which could be handled by 

t h e  e lec t ronics  , The e l e c t r o n i c s  used f o r  measurement of 

da2s primary q u a n t i  ties (Po, pZs, doto ta l  1 began t o  drop m=-' d $2 
counts  due t o  p i l e  up a t  a count ing rate of  about 50  kHZ; 

all d a t a  r e p o r t e d  i s  fo r  count rates l o w e r  than  40 kH,. 

The co inc idence  e l e c t r o n i c s  began t o  drop s i g n i f i c a n t  

numbers of counts  n e a r  70 - 8OkH~t b u t  could be opera ted  
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wi th  c o r r e c t i o n s  a t  rates up t o  100kHZ. 
,. .>. , 

.’ 1 

1 

A c o n f l i c t  arises i n  t h e  measurement of  P2s by t h e  

method employed. When t h e  count rate i n  t h e  photon channel 

is  s u f f i c i e n t l y  h igh  for  ease of measurement, t h e  count 

rate i n  t h e  t o t a l  s c a t t e r e d  p a r t i c l e  channel i s  too high 

t o  be  handled by t h e  e l e c t r o n i c s .  An e l e c t r o n i c a l l y  

manageable p a r t i c l e  count rate w i l l  correspond t o  a h igher  

photon count  ra te  f o r  lower p a r t i c l e  counting e f f i c i e n c y .  

Thus t h e  c o n f l i c t  i s  reduced by l o w  counting e f f i c i e n c y ,  

such as t h a t  for t h e  m u l t i p l i e r  used. Low counting 

e f f i c i e n c y  is  d e s i r a b l e  i n  t h i s  experiment,  as long as 

t h a t  e f f i c i e n c y  is w e l l  known. 

, Since  d i d f e r e n t  p reampl i f i e r s ,  a m p l i f i e r s ,  and did-  

c r i m i n a t o r s  w e r e  used fo r  measurement o f  primary q u a n t i t i e s  

(Po, Pzs, datotal  ) than  f o r  measurement of t h e  p a r t i c l e  
dS2 

m u l t i p l i e r  e f f i c i e n c y ,  it w a s  necessary  t o  determine t h e  

r e l a t i o n s h i p  between t h e  t w o  sets of e l e c t r o n i c s  for t h e  

number of p u l s e s  t r ansmi t t ed .  I n  o r d e r  t o  f i n d  t h i s  

r e l a t i o n s h i p ,  t h e  number of s c a t t e r e d  p a r t i c l e s  w a s  

measured w i t h  t h e  m u l t i p l i e r  supplying p u l s e s  t o  each set 

of e l e c t r o n i c s ,  A l l  o t h e r  experimental  parameters 

( p r e s s u r e ,  number of i n c i d e n t  p ro tons ,  etc.)  w e r e  he ld  as 

n e a r l y  c o n s t a n t  as p o s s i b l e  between t r i a l s  wi th  t h e  t w o  

d i f f e r e n t  sets of e l e c t r o n i c s .  With t h i s  procedure,  t h e  

e f f i c i e n c y  o f  t h e  m u l t i p l i e r  wi th  t h e  e l e c t r o n i c s  used i n  

measurement of primary q u a n t i t i e s  w a s  e s t a b l i s h e d  t o  be 
I 

t 
i 
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0 .486  of t h e  e f f i c i e n c y  determined by t h e  coincidence 

technique.  The accuracy o f  t h e  f i n a l  e f f i c i e n c y  va lues  

used t o  c a l c u l a t e  PzS and dototal- i s  estimated t o  be -+lo%. 
dS2 

--- 
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V. RESULTS AND DISCUSSION. 

A.  T o t a l  D i f f e r e n t i a l  S c a t t e r i n g .  

F igures  20 - 24 show comparisons of  p r e s e n t  

experimental  r e s u l t s  and classical  c a l c u l a t i o n s  f r o m  work 

of Bingham7 and 'Dose" f o r  t o t a l  d i f f e r e n t i a l  s c a t t e r i n g  

of protons f r o m  helium and argon. These cross s e c t i o n s  

are f o r  ' t he  t o t a l  s c a t t e r i n g  inc luding  e las t ic ,  i n e l a s t i c  ' 

and charge changing processes .  
/ 

' The measurements were made i n  t h r e e  d i f f e r e n t  modes; 

wi th  t h e  s c a t t e r i n g  angle  f i x e d ,  wi th  t h e  i n c i d e n t  energy 

f ixed ,  and wi th  t h e  product of i n c i d e n t  energy and 

s c a t t e r i n g  angle  f i x e d .  With t h e  s c a t t e r i n g  angle  f i x e d ,  

t h e  impact parameter v a r i e s  w i th  changing i n c i d e n t  energy. 

With t h e  impact energy f ixed ,  t h e  impact parameter v a r i e s  

w i th  s c a t t e r i n g  angle  ( f o r  t h i s  mode t h e  va lues  of impact 

parameter d i sp l ayed  are obta ined  from, t h e  work of  D o s e l o )  . 
With t h e  product  of s c a t t e r i n g  angle  and i n c i d e n t  energy 

(0T) f i x e d ,  t h e  impact p a r a m e t e r ' i s  n e a r l y  cons t an t .  Th i s  

l a s t  mode is  b e s t  s u i t e d  f o r  a n a l y s i s  of t h e  phys ica l  

problem. a .  

The background (gas-out o f  chamber) s i g n a l s  f o r  t o t a l .  

s c a t t e r i n g  w e r e  t y p i c a l  of  background s i g n a l s  of  a l l  

measured q u a n t i t i e s .  Background s i g n a l s  w e r e  r e l a t i v e l y  

h ighe r  f o r  helium cross s e c t i o n s  than  f o r  argon, s i n c e  t h e  

a c t u a l  (gas- in)  s c a t t e r i n g  i s  much smaller due t o  t h e  

smaller c r o s s  s e c t i o n s .  For argon t h e  gas-out s i g n a l  w a s  

i 
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usua l ly  less than 2% o f  t h e  measured s i g n a l  and always less 

than 5% f o r  d a t a  c o l l e c t e d  as descr ibed  a t  t h e  end o f  

s e c t i o n  111. For helium a t  angles  less than 2.5O t h e  t o t a l  

s c a t t e r i n g  background was f r equen t ly  as high as 1 0  - 15% 

and v a r i e d  somewhat w i th  beam focusing. As previous ly  

mentioned much of t h i s  background' w a s  a t t r i b u t e d  t o  scatter-  

ing  from t h e  first geometry de f in ing  s l i t .  For helium a t  

ang le s  less than  2.501 background w a s  always subtracted. 

The accuracy of t h e  t o t a l  d i f f e r e n t i a l  s c a t t e r i n g  

c ros s  s e c t i o n s  are inf luenced  by t h e  fol lowing f a c t o r s  : 

t a r g e t  gas p re s su re i ,  p a r t i c l e  m u l t i p l i e r  e f f i c i e n c y ,  s o l i d  

angle  of  acceptance geometry, beam c o l l e c t i o n  e f f i c i e n c y ,  

angle  s e t t i n g  accuracy. These f a c t o r s  have a l l  been 

d i scussed  i n  s e c t i o n s  LIL and I V .  The square  root of  t h e  
, 

sum of t h e  squares  of  t h e s e  c o n t r i b u t i n g  factors g i v e s  an 

estimate of -+15% fo r  t h e  abso lu te  error i n  t h e s e  cross 

. - 5  

I .. 

s e c t i o n s  f o r  s c a t t e r i n g  angles  g r e a t e r  t han  2. Oo. B e l o w  

2.0° t h e  angle  s e t t i n g  and beam c o l l e c t i o n  become'more 

s e n s i t i v e .  A t  t h e s e  s m a l l  ang le s  a d d i t i o n a l  problems of 

s c a t t e r i n g  o f  d i r e c t  beam from t h e  f i r s t  geometry de f in ing  

s l i t  and l a r g e  v a r i a t i o n  of t h e  cross s e c t i o n  ove r  t h e  

range of acceptance angles  c o n t r i b u t e  t o  t h e  error (see 

s e c t i o n  111.). The abso lu te  accuracy of  t h e s e  t o t a l  

s c a t t e r i n g  cross s e c t i o n s  is es t ima ted  t o  be +30% f o r  

s c a t t e r i n g  angles  between 1 and 2 degrees .  The error b a r s  

d i sp layed  on t h e  f i g u r e s  are s t anda rd  dev ia t ions  of six 

or  m o r e  t r i a l s  o f  a p a r t i c u l a r  d a t a  p o i n t  and t h u s  
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r e p r e s e n t  r e p r o d u c i b i l i t y  only.  

Figure 20 d i sp l ays  t h e  d i f f e r e n t i a l  cross s e c t i o n  f o r  

t r a n s f e r  t o  H ( 2 s )  a s  w e l l  as t h e  t o t a l  d i f f e r e n t i a l  scatter-  

ing  c ros s  s e c t i o n  from pro tons  on argon a t  0T = 20 keV-Deg. 

Measurements f o r  both p o s i t i v e  ( l e f t  of zero) and nega t ive  

( r i g h t  of zero)  s c a t t e r i n g  angles  are shown. The c o n s i s t e n t  

p o s i t i v e  t o  nega t ive  d i f f e r e n c e  i n  'measured cross s e c t i o n  

w a s  used t o  c o n s t r u c t  a co r rec t ion  f a c t o r  f o r  t h e  remain- 

d e r  of t h e  d a t a  which w a s  taken a t  p o s i t i v e  s c a t t e r i n g  

angles  only (see s e c t i o n  111.). 

<- 

The va lues  fo r  both of t h e ' c l a s s i c a l  c a l c u l a t i o n s  

shown on t h e  f i g u r e s  r equ i r ed  graphing t h e  publ ished , 

r e s u l t s  and e x t r a p o l a t i n g  between c a l c u l a t e d  p o i n t s  t o  

o b t a i n  cross s e c t i o n s  f o r  . t h e  p a r t i c u l a r  values' of 8 and T 

d e s i r e d .  The accuracy of  t h i s  process  i s  es t imated  t o  be 

+5%. 

The cross s e c t i o n s  c a l c u l a t e d  f rom ' the  work of 

Bingham and Dose have been transformed f r o m  t h e  c e n t e r  of 

mass r e fe rence  t o  l abora to ry  system i n  t h e  case of helium. 

I n  t h e  argon case, t h e  d i f f e r e n c e  i n  t h e  cross s e c t i o n s  

between l a b o r a t o r y  and c e n t e r  of m a s s  systems is  less than  

3% and has  been neglec ted .  

For t h e  argon target ,  t h e r e  i s  a s u b s t a n t i a l  d i f f e r -  

ence between t h e  classical  c a l c u l a t i o n s  assuming a s i n g l e  

exponent ia l  sc reening  f a c t o r  (Bingham) and t h e  c a l c u l a t i o n  

assuming s e v e r a l  s h e l l s  of electronic charge and s e p a r a t e  
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screening  f a c t o r s  f o r  each (Dose). I n  every case, fo r  

I argon, t h e  d a t a  i s  i n  b e t t e r  agreement with t h e  c a l c u l a t i o n  

assuming e l e c t r o n i c  s h e l l s  than  wi th  t h e  c a l c u l a t i o n  wi th  

one screening  factor '  (Bingham) . This  i s  p a r t i c u l a r l y .  

apparent  i n  t h e  d a t a  taken a t  a cons t an t  angle ,  3 O ,  (Fig.  

2 2 ) .  

For helium, w i t h  only one' s h e l l ,  it is  expected t h a t  

t h e  t w o  c l a s s i c a l  c a l c u l a t i o n s  should be  i n  close agreement. 

F igures  23 and 2 4  show t h i s  t o  be t h e  case and t h e  agree- 

ment w i th  t h e  p re sen t  experiment i s  also good except  a t  
t 

l a r g e s t  impact parameter (smallest BT). For  Fig.  24 t h e  

va lues  of impact parameter are .450, -255, .138, - 0 9 4 ,  

and .057 atomic u n i t s  for t h e  corresponding BT values  of'  

5, 1 0 ,  2 0 ,  30, and 50 keV*deg. d i sp layed .  

S u r p r i s i n g l y  no o t h e r  experimental  r e s u l t s  w e r e  

found for  pro tons  on helium o r  argon i n  t h i s  range o f  

energy and s c a t t e r i n g  angle.  S i m i l a r  work f o r  o t h e r  ' 

p r o j e c t i l e s  and ene rg ie s  has been done (e.g. see 

re fe rences  6 7 ,  6 8 ,  and 69)  and wi th  proton p r o j e c t i l e ,  some 

work has  been done a t  o t h e r  ene rg ie s  and angles  (e.g. see 

re fe rences  7 0 ,  7 1 ) .  
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B. Charge Trans fe r  P r o b a b i l i t i e s  
from Protons on Argon. - - 

The measured charge t r a n s f e r  p r o b a b i l i t i e s  for  

t r a n s f e r  t o  a l l  states of  hydrogen, Po, and for  t r a n s f e r  

t o  t h e  2 s  s t a t e  of  hydrogen, Pzs r  are shown fo r  pro tons  

i n c i d e n t  on argon i n  F igs .  25, 26; and 27. 

For t h e  d a t a  of Fig.  25, t aken  a t  cons t an t  

s c a t t e r i n g  angle ,  bo th  t h e  impact parameter and re la t ive  

v e l o c i t y  change f o r  each data p o i n t .  

e x c e l l e n t  agreement with t h o s e  obta ined  by Everhar t ,  

e t  a165. 

/ 

The va lues  of Po show 
J 

The d a t a  o f  F ig .  26 and 27 w a s  taken a t  c o n s t a n t  

impact parameter and cons t an t  r e l a t i v e  v e l o c i t y  r e s p e c t i v e l y  

t o  i n v e s t i g a t e  t h e  dependence of observed o s c i l l a t i o n s  on 

impact parameter and c o l l i s i o n  t i m e  ( i n v e r s e  v e l o c i t y ) .  As 

befo re ,  t h e  va lues  of impact parameter used f o r  t h e s e  

graphs are obta ined  f r o m  t h e  work of D o s e l o .  

Even though no appropr i a t e  t h e o r e t i c a l  cons ide ra t ions  

of charge t r a n s f e r  f o r  t h i s  system are a v a i l a b l e ,  some 

comparisons t o  t h e  q u a l i t a t i v e  i d e a s  about t h e  g e n e r a l  

behavior  of charge t r a n s f e r  p r o b a b i l i t i e s  (from sec ion  11.) 

can be made. 

F igs .  26 and 27 show t h a t  t h e  o s c i l l a t i o n  of Po i s  

d e f i n i t e l y  a func t ion  of t h e  relative v e l o c i t y ,  o r  c o l l i s i o n  

t i m e .  Fig.  26 shows t h e  r e g u l a r i t y  of t h e  o s c i l l a t i o n s  as 

a func t ion  o f  c o l l i s i o n  t i m e .  For t h e s e  close c o l l i s i o n s ,  

Po is  shown by Fig.  2 7  t o  be  n e a r l y  independent of impact 

, _ " .  , . , .. . . . _  .. . 
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parameter a t  6.25 keV. This  behavior  is  c h a r a c t e r i s t i c  of  

what h a s  been r e f e r r e d  t o  as resonant  t r a n s f e r  i n  which 

many o s c i l l a t i o n s  of  t h e  e l e c t r o n  charge p r o b a b i l i t y  occur  

between the i n i t i a l  and f i n a l  states during t h e  c o l l i s i o n .  , 

The o s c i l l a t i o n  i n  observed charge t r a n s f e r  p r o b a b i l i t y  

for t h e  c o l l i s i o n  then  depends upon t h e  t i m e  o f  c o l l i s i o n .  

As t h e  c o l l i s i o n  t i m e  changes ( w i t h  changing v e l o c i t y )  t h e  

I 
i 

& 1  
I 

i 
. P  

1 

i 
. 1  

e l e c t r o n  is first  l e f t  i n  one s ta te ,  then  t h e  o t h e r  wi th  

c o n t i n u i n g  p e r i o d i c  v a r i a t i o n .  
1 

2 

P r o b a b i l i t y  of t r a n s f e r  t o  a l l  s t a t e s , P o ,  should be 

dominated by t r a n s f e r  t o  H ( 1 s ) .  The t r a n s f e r  t o  H ( 2 s )  and 

N(2p) ( r e f e r e n c e  50) t o g e t h e r  are about  10% of t h e  t o t a l  

t r a n s f e r .  T rans fe r  t o  n=3 l e v e l s  is  less l i k e l y 8 5  and\ 

h i g h e r  levels should be even less probable .  I t  is  

r e a s o n a b l e  t o  assume t h a t  PO should be approximately 80% 

t r a n s f e r  to H ( l s )  . 
I n s p e c t i o n  of t h e  lowest energy levels of t h e  un i t ed  

(K+) and separated ( A r  f H)' atom l i m i t s  (Fig.  28)  shows 

t h a t  transfer t o  H ( l s )  sat isf ies  t h e  cond i t ions  for  

"quasi-resonance" given i n  s e c t i o n  I1 . That i s  I ( i n  atomic 
1 W i t s )  E z f O )  - E l ( 0 )  >> >> E 2 ( m )  - 

where T is t h e  c o l l i s i o n  t i m e  and 0 and 03 denote t h e  

s e p a r a t i o n  of t h e  c o l l i d i n g  n u c l e i .  I n  Fig.  28  no a t tempt  

ade t o  correlate states or t o  show t h e  r e l a t i o n -  

ship of un i t ed  and separated atom ene rg ie s .  However, t h e  

Ar+ + H ( 1 s )  t r a n s f e r  w i l l  connect t h e  l o w e s t  K' state  w i t h  
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one of  t h e  e x c i t e d  states sepa ra t ed  by a t  least  20 vo l t s  

so t h a t  E2(0) - El(0) = 1a.u.  The c o l l i s i o n  t i m e  can be  

es t imated  by t ak ing  T = v x ( i n t e r a c t i o n  length)  . For t h e  

p r e s e n t  experiment v i s  between . 4  and 1.Oa.u. and t h e  

i n t e r a c t i o n  l eng th  can be es t imated  t o  be about 3a.u., so 
1 t h a t  l / ~  is  between 0 .3  and 0.8a.u. Thus E2(0) - E1(0)>>- 

i s  approximately s a t i s f i e d .  The energy sepa ra t ion  of t h e  

T 

sepa ra t ed  a t o m  states connected by t r a n s f e r  t o  H ( 1 s )  8 

l eav ing  t h e  argon ion  i n  i t s  lowest state,  i s  2 . 1  ev - less 

than 0.la.u.  - so  t h a t  .c >> E ~ ( w )  - E l ( - )  i s  s a t i s f i e d .  

Since t h e r e  are n o t  many nearby energy l e v e l s  t o  interfere '  

wi th  t h e  resonant  t r a n s f e r  t h e  "quasi-resonance" cond i t ions  

1 

are s a t i s f i e d  and t h e  observed behavior  of Po i s  expected. 

The t r a n s f e r  .to t h e  2s s ta te ,  Pzsr  does n o t  e x h i b i t  

such p o s i t i v e  "quasi-resonant" o s c i l l a t i o n s  as a func t ion  

of c o l l i s i o n  t i m e .  The v a r i a t i o n  of  t h e  t r a n s f e r  proba- 

b i l i t y  i s  of  s m a l l  magnitude and i s  n o t  a r e g u l a r  func t ion  

of c o l l i s i o n  t i m e  (Fig.  2 6 ) .  A t  a cons t an t  v e l o c i t y  (Fig.  

27)  t h e r e  appear t o  b e  s m a l l  v a r i a t i o n s  wi th  impact 

parameter n o t  expected f o r  "quasi-resonance" . 
Refer r ing  t o  Fig.  28, t h e  energy sepa ra t ion  fo r  

t r a n s f e r  t o  H ( 2 s ) ,  E 2 ( m )  - E l ( m ) ,  i s  12.3ev (.46a.u.) so 

t h a t  E2(03) - E l ( - )  i s  n o t  << -. This  means t h a t  charge 

t r a n s f e r  t o  H ( 2 s )  w i l l  be small (as observed) and may n o t  

1 
'I 

be "quasi-resonant" . The resonance may also be destroyed 

by i n t e r f e r e n c e  wi th  t h e  o t h e r  nearby energy levels. 

i 
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T h e  r e s u l t s  presented  f o r  both Po and Pas are 

independent of s o m e  of t h e  e r r o r  sources  in f luenc ing  cross 

s e c t i o n  measurements. Because they  are r a t i o s  of  c r o s s  

s e c t i o n s  t h e s e  p r o b a b i l i t i e s  are independent of  t h e  abso lu te  

value of p r e s s u r e ,  beam c o l l e c t i o n  e f f i c i e n c y ,  and 

scattering geometry. The va lues  of Po are even expected t o  

be independent of p a r t i c l e  d e t e c t o r  e f f i c i e n c y .  The only 

a f f e c t  of t h e s e  q u a n t i t i e s  on PzS and Po w i l l  be  from 
-c 

variations between i n d i v i d u a l  d a t a  c o l l e c t i o n s .  

The  error b a r s  e x h i b i t e d  f o r  PzS r e s u l t s  r e p r e s e n t  

t h e  s t a n d a r d  dev ia t ion  of  f i v e  o r  more s e p a r a t e  determina- 

t i o n s .  The t y p i c a l  r e l a t i v e  error is  210% and arises 

p r i m a r i l y  f r o m  t h e  s t a t i s t i c a l  u n c e r t a i n t y  i n  t h e  subt rac-  

t i o n  of  data wi th  quench f ie ld  appl ied  and wi th  t h e  f i e l d  

off 

T h e  abso lu te  e r r o r  of  PzS is  es t imated  t o  be +40%.  

The pr imary source  of t h i s  error is  t h e  unce r t a in ty  i n  t h e  

e f f i c i e n c y  of t h e  photodetec tor  (+30%). The ratio, Pzs,may 

be subject t o  t h e  sys temat ic  e r r o r s  due t o  p o l a r i z a t i o n ,  

prequenching l o s s ,  and quenching l eng th  change wi th  

v e l o c i t y ;  which w e r e  mentioned i n  s e c t i o n  IV. and are 

d i scussed  i n  t h e  Appendicies. The f r a c t i o n  'If" desc r ib ing  

t h e  f r a c t i o n  of t h e  2s states decaying wi th in  t h e  quenching 

l eng th  viewed by t h e  photodetec tor  has  been app l i ed ,  b u t  

o t h e r  less w e l l  def ined  c o r r e c t i o n s  have not .  The maximum 

error i n  t h e  o v e r a l l  s lope  of t h e  r e s u l t s  of PzS is 

. . . " .  . .  
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estimated t o  be t15% due t o  t h e  combination of t hese  

p o s s i b l e  sources  of sys t ema t i c  error. 

The r e l a t i v e  e r r o r  and abso lu te  error  of Po are t h e  

same. The only errors i n  t h i s  case arise from p o s s i b l e  

change i n  p re s su re  o r  beam c o l l e c t i o n  between d a t a  

c o l l e c t i o n s  and from background c o r r e c t i o n s  (gene ra l ly  about 

2 % ) .  

on argon. 

T h e  Po values should be a c c u r a t e  t o  25% for  pro tons  

._  

. .  ,..- \ .  

. .  
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?. 



t ' .  I , Y 

i 

s 
t 

.3 

.2 i .I 

110. 

Fig. 2 5  
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Fig. 28 
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C. Charge Trans fe r  P r o b a b i l i t i e s  
From Protons on H e l i u m .  

T h e  measurements of charge t r a n s f e r  p r o b a b i l i t i e s ,  Po 

and P z S  f r o m  p ro tons  on helium are d isp layed  i n  F igs .  29 - 
33. 

The r e s u l t s  f o r  Po show t h e  "quasi-resonant" behavior  

desc r ibed  e a r l i e r .  Fig.  29  shows t h e  r e g u l a r  o s c i l l a t i o n  

of Po w i t h  r e c i p r o c a l  v e l o c i t y  f o r  s e v e r a l  va lues  of impact 

parameter .  The agreement w i t h  t h e  earlier r e s u l t s  of  
2 

Everha r t  i s  e x c e l l e n t  except  f o r  a s m a l l  d iscrepancy nea r  

1 0  keV. (Values from Helbig and Everhar t  f o r  0T = 5, 50, 

and 1 0 0  keV*deg. have been omi t ted  f o r  c l a r i t y . )  F ig .  30 

demonstrates  t h e  lack of any o s c i l l a t i o n  of Po with  impact 

parameter  f o r  a cons t an t  i n c i d e n t  proton ve loc i ty  of  about  

1.10 x 108cm/sec. 

is  about  510%. This  i s  l a r g e r  than  t h e  e r r o r  i n  t h e  argon 

The accuracy of p resen t  va lues  of Po 

d a t a  p a r t l y  due t o  t h e  n e c e s s i t y  of  c o r r e c t i n g  f o r  back- 

ground s c a t t e r i n g  wi th  gas  removed from t h e  chamber (as 

high as 1 5 % ) .  

The o s c i l l a t i n g  behavior  of Po i s  q u a l i t a t i v e l y  a s  

p r e d i c t e d  by theo ry  given i n  s e c t i o n  11. Comparison of 

Helbig and Everha r t  r e s u l t s  t o  t h e  impact parameter calcu-  

l a t i o n s  of Green f o r  t r a n s f e r  t o  t h e  1s state and of S in  Fa i  

Lam for  t r a n s f e r  t o  Is, 2 s  and 2p states has a l r eady  been 

shown (Fig .  3 ) .  The f a i l u r e  of t h e s e  c a l c u l a t i o n s  t o  g ive  

q u a n t i t a t i v e l y  correct r e s u l t s  is  appa ren t ly  due t o  

.,... & " ? .  

. J  
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f a i l u r e  of t h e  impact parameter formulat ion t o  r e p r e s e n t  

*,! , 

adequately t h e s e  c l o s e  c o l l i s i o n s .  This  f a i l u r e  may be  

p a r t l y  due t o  neg lec t ing  t h e  screening of t h e  t a r g e t  

nucleus by i t s  e l e c t r o n s .  This  sc reening  has  an e f f e c t  on 

t h e  n u c l e a r  trajectories and, perhaps more impor tan t ly ,  on 

t h e  energy levels of t h e  quasi-molecules formed during t h e  

c o l l i s i o n .  Add i t iona l ly ,  t h e  cons t ruc ted  wave func t ions  

employing atomic e i g e n s t a t e s  may n o t  b e  adequate f o r  t h e s e  

r e l a t i v e l y  slow close c o l l i s i o n s .  

Fig.  30 shows t h a t ,  f o r  a cons t an t  v e l o c i t y ,  PzS does 

n o t  osc i l la te  as a func t ion  of impact parameter. S ince ,  

€or t h e  e n t i r e  range,  t h e  impact parameter i s  much smaller 

I 

1 

R 

than  t h e  d i s t a n c e  ove r  which t h e  c o l l i s i o n  occurs ,  t h e  

t i m e  of t h e  c o l l i s i o n  i s  independent of  t h e  change i n  

impact parameter. N o  o s c i l l a t i o n s  are then  expected. 

Unlike t h e  m o r e  complicated proton-argon system, t h e  

t r a n s f e r  t o  t h e  2s state of  hydrogen does show o s c i l l a t i o n s  

of  t h e  "quasi-resonant" t ype  wi th  varying c o l l i s i o n  t i m e .  

I n  t h e  energy range t e s t e d ,  t w o  d i s t i n c t  maxima appear as 

a func t ion  of r e c i p r o c a l  v e l o c i t y  fo r  a cons t an t  impact 

parameter (Fig.  31). This  behavior  i s  independent of  

impact parameter fo r  t h e  range of close c o l l i s i o n s  t e s t e d ,  

bu t  only values f o r  8T = 20 keV*deg. ( p  = 0.26 a.u.)  

cover t h e  e n t i r e  range. 

The d a t a  d isp layed  i n  Fig.  31 are i n  good agreement 

wi th  t h e  pre l iminary  d a t a  f o r  8T = 20 keV*deg. prev ious ly  

J 
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r epor t ed  from t h i s  same experiment61. The pre l iminary  

d a t a  for  PzS w a s  based on c a l c u l a t i o n  of t h e  t o t a l  

s c a t t e r i n g  r a t h e r  than  a c t u a l  measurement and was n o t  

co r rec t ed  f o r  t h e  f r a c t i o n  "f" desc r ib ing  t h e  change w i t h  

energy i n  t h e  f r a c t i o n  of  2 s  states decaying i n  view of 

t h e  photodetec tor .  With such c o r r e c t i o n ,  t h i s  pre l iminary  

d a t a  i s  i n  good agreement wi th  t h e  p r e s e n t  r e s u l t s ,  b u t  has  

no t  been inc luded  here .  .-.-- 

The PzS e r r o r  bars shown are s tandard  dev ia t ions  of 

f i v e  o r  more independent t r ia l s  of t h e  p a r t i c u l a r  d a t a  

p o i n t  and t h u s  r ep resen t  r e l a t i v e  error. This  t y p i c a l  

re la t ive error i s  k 1 2 % .  As i n  t h e  argon d a t a ,  t h e  

abso lu te  accuracy i s  n o t  expected t o  be  g r e a t e r  t han  about 

540% because of t h e  unce r t a in ty  i n  photodetec tor  c a l i b r a -  

t i o n .  There i s  also a p o s s i b l e  o v e r a l l  error i n  s l o p e  of 

about +15% due t o  t h e  sys t ema t i c  e r r o r s  mentioned earlier. 

Most d a t a  p o i n t s  are t h e  average of f o u r  o r  more t r i a l s ,  

with a f e w  p o i n t s  being t h e  average of only  2 t r i a l s  

(p r imar i ly  va lues  f o r  €IT = 50 keV.deg.1. 

Comparison t o  e a r l i e r  measurements of pZS a t  a c o n s t a n t  

l abora to ry  angle ,  2.2O, by D o s e  and M e ~ e r ~ ~  is shown i n  

Fig.  32. S ince  it has a l r eady  been demonstrated t h a t  Pas 

is  n e a r l y  independent o f  impact parameter i n  t h e  range 

tested, good agreement between t h i s  cons t an t  angle  (varying 

impact parameter) d a t a  and t h e  p r e s e n t  cons t an t  impact 

parameter i s  expected. The agreement i n  shape is  good, as 

.. ,. " . , I .. .* 
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demonstrated, bu t  t h e  abso lu te  magnitude is  q u i t e  

d i  f f e r e n t  . 
The normal iza t ion  procedure of Dose and Meyer involves  

measuring charge t r a n s f e r  between s c a t t e r e d  pro tons  a t  1 2  

keV and r e s i d u a l  gas  between t h e  s c a t t e r i n g  c e n t e r  and t h e  

d e t e c t o r .  A t  1 2  keV nea r ly  a l l  o f ' t h e  p a r t i c l e s  s c a t t e r e d  

t o  2.2O are pro tons  (see Fig .  2 9 ) .  Thus Dose and Meyer have 

used t h e s e  s c a t t e r e d  pro tons  as an i n c i d e n t  beam and have - 

measured t h e  t o t a l  charge t r a n s f e r  t o  t h e  2 s  s ta te  between 

t h e s e  s c a t t e r e d  pro tons  and t h e  helium gas i n  t h e  pa th  . 

between t h e  s c a t t e r i n g  c e n t e r  and t h e i r  f ixed-pos i t ion  

d e t e c t o r .  Th i s  background s i g n a l  is  normalized t o  t h e ,  

t o t a l  2 s  t r a n s f e r  c r o s s  s e c t i o n  measured by C o l l i ,  e t  a122, 

t o  o b t a i n  t h e  e f f i c i e n c y  of t h e  photodetec tor .  The normal- 

i z a t i o n  of t h e  d a t a  of C o l l i ,  e t  a1 is  t o  t h e  Born approxi- 

mation a t  40 keV, which i s  dubious. Thus t h e  f a c t o r  of  3 

disagreement i n  magnitude between p r e s e n t  r e s u l t s  and t h o s e  

of Dose and Meyer probably r e s u l t s  f r o m  t h e  d i f f i c u l t y  o f  

ob ta in ing  good normalizat ion by t h e i r  technique as w e l l  as 

t h e  ques t ionab le  magnitude o f  t h e  r e s u l t s  they use as a 

s tandard .  

The shape of t h e  p o r t i o n  of  Dose and Meyers r e s u l t s  

below 20 keV is  s u b s t a n t i a t e d  by t h e  p r e s e n t  work. T h e i r  

r e s u l t s  i n d i c a t e  a t h i r d  maximum should be expected i n  PzS 

a t  an energy greater than  60  keV. 

The charge t r a n s f e r  p r o b a b i l i t y  t o  t h e  2 s  s ta te  of 

. I.. . ,  



, .  . .  
. .  

118. 

I 

z 

hydrogen has  been ca l cu la t ed  i n  t h e  impact parameter 

formulat ion by . S i n  F a i  Lam34 fo r  f3T = 20 keVodeg. as 

previous ly  descr ibed.  Fig.  33 shows t h e  comparison of  

t h i s  c a l c u l a t i o n  and t h e  p resen t  r e s u l t s .  This  theory  

provided q u a l i t a t i v e  agreement w i t h  t h e  r e s u l t s  f o r  Po, 

f a i l i n g  i n  t h a t  case only  i n  desc r ib ing  t h e  magnitude of 

t h e  maxima. The c a l c u l a t e d  r e s u l t s  f o r  P2s n o t  on ly  

d i sag ree  wi th  p re sen t  r e s u l t s  by a f a c t o r  o f  1 0  i n  magnitude 

bu t  f u r t h e r ,  d i s a g r e e  dramat ica l ly  i n  relative shape. 
/ 

Some p o s s i b l e  weaknesses of this theory  have a l r eady  

been d iscussed .  For  t h e  c o l l i s i o n  t i m e  a t  t h e s e  e n e r g i e s ,  

t he  u n c e r t a i n t y  p r i n c i p l e  d i c t a t e s  an u n c e r t a i n t y  of a 

f e w  e V  i n  t h e  e l e c t r o n i c  ene rg ie s  of  t h e  system dur ing  

c o l l i s i o n .  Thus e x c i t a t i o n  of any of t h e  states (shown i n  

Fig.  5 )  which are nea r  i n  e l e c t r o n i c  energy t o  t h e  s t a t e  

tending  t o  H e + ( l s )  + H ( 2 s )  should be taken i n t o  account i n  

t h e  theory .  For example, e l e c t r o n i c  states tending  t o  

He lS( l s2s )  + H+ have n o t  been i n c 1 u d e d . h  t h e  expansion 

which d e s c r i b e s  t h e  wave func t ion  of t h e  c o l l i s i o n  system. 

The "quasi-resonant" behavior  of  Pas may appear 

somewhat s u r p r i s i n g .  Apparently t h e  competi t ion of t h e  

above mentioned group of states may have cons iderable  

e f f e c t  on P ~ ~ ,  b u t  it has n o t  destroyed t h e  "quasi-  

resonant"  behavior .  The c r i t e r i o n  set  f o r t h  fo r  such 

behavior ,  i n  s e c t i o n  11. was E2 (0) -E1 ( 0 )  > > 7 > > E 2  (-) -E1 ( 0 0 )  e 

For t r a n s f e r  t o  t h e  2 s  s tate t h e  c o l l i s i o n  t i m e  is approxi- . 

1 
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mately given by, T=V x ( i n t e r a c t i o n  l e n g t h ) .  The v e l o c i t y  

v a r i e s  from . 4  t o  1 a.u and t h e  i n t e r a c t i o n  length  i s  

e s t ima ted  t o  be about 2a.u. Refer r ing  t o  Fig.  5 ( t h e  

c o r r e l a t i o n  diagram f o r  HeH+)  w e  f i n d  t h a t  i n  t h e  u n i t e d  

atom l i m i t ,  E 2 ( 0 ) - E 1 ( 0 ) - 2 . 2  a.u. (60 e V )  which i s  greater 

than  t h e  approximate value of I./T between 0.5 and 1 . 2  a.u.  

as r equ i r ed  f o r  "quasi-resonance". The o t h e r  p a r t  of t h e  

c r i t e r i o n  is  n o t  w e l l  s a t i s f i e d  s ince  E ~ ( C O ) - E ~ ( - )  i s  about 

.73 a.u. However, t h e  imp l i ca t ion  of t h i s  f a i l u r e  i s  

p r i m a r i l y  t h a t  t h e  charge t r a n s f e r  t o  H ( 2 s )  w i l l  be small, 

as indeed it is observed t o  be. 

2 

The e m p i r i c a l  formula of Everhar t  (see s e c t i o n  11.) 

r e p r e s e n t i n g  o s c i l l a t i n g  charge t r a n s f e r ,  Po, f o r  H+ + H\ 

and H+ + H e  might r e p r e s e n t  a t  l eas t  p o s i t i o n s  of  maxima 

and minima i n  t h e  P2s measurements. 

be rep resen ted  by 

I n  t h a t  case, Pas w i l l  

Pzs = A s i n 2  [<e - B], (see sec.. If p. 27) 
b 

i n  atomic uni t s ,where  A ,  t h e  amplitude of t h e  peaks,  is n o t  

g iven  by t h e  

From t h e  t w o  

where 1/vn+2 

empi r i ca l  model i n  t h e  case of t h e  2 s  s t a t e .  

h 
. =ryT--, observed peaks i n  Pzs,  w i th  <Ea>  - - 

vn+2 Vn 

i s  f o r  one peak and l/Vn i s  for t h e  o t h e r ,  

<Ea> i s  found t o  be  about 9 a . u .  Using Everha r t ' s  value of 

B =  IT/^ w e  f i n d  t h a t  s i n 2  [F - 3 i s  a minimum a t  

approximately 1 0  keV and 30 keV and a maximum a t  6.3 keV, 

<Ea> 7r 
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1 6  keV, and 85 keV. These r e s u l t s  are i n  good agreement 

L,! 

i 

with experiment and p r e d i c t  t h a t  t h e  t h i r d  maximum i s  around 

85 keV. O f  course ,  t h e  peaks should be  c o r r e c t l y  sepa ra t ed  

by t h e  empi r i ca l  equat ion ,  b u t  t h e  r e s u l t  would be  o u t  of 

phase wi thout  B = ~ / 4 ,  as it has been observed t o  be f o r  t h e  

o t h e r  experiments.  

There may be a l t e r n a t i v e  models f o r  t h e  s t r u c t u r e  of  

Some of t h e  s t r u c t u r e  may arise from coupl ing t o  t h e  p2s  

ground s t a t e  t r a n s f e r .  For example t h e  minimum a t  11 keV 

is  c o i n c i d e n t  w i th  t h e  minimum of Po. 

a s s o c i a t e d  wi th  t h e  shoulder  a t  about 11 keV i n  t h e  t o t a l  

cross s e c t i o n  f o r  t r a n s f e r  t o  t h e  2 s  s t a t e  (Fig.  1 5 ) .  Such 

coupling t o  t h e  ground s t a t e  should be accounted fo r  by 

Th i s  minimum may be 

coupled s ta te  c a l c u l a t i o n s .  However, S in  F a i  Lam's  r e s u l t s  

do n o t  e x h i b i t  t h e  11 keV shoulder  i n  t h e  cross s e c t i o n  fo r  

t r a n s f e r  t o  2 s .  According t o  t h e  sugges t ion  of  Polvektov 

and P r e s n y a k ~ v ~ ~ ,  t h i s  shoulder  may be due t o  coupling t o  

t h e  ground s ta te ;  thus  t h e  ground s ta te  coupling i d e a  i s  

q u a l i t a t i v e l y  supported.  

I n  g e n e r a l  t h e  behavior  of  PZs f r o m  pro tons  on helium 

is observed t o  b e  s i m i l a r  t o  t h e  behavior  of Po for  pro tons  

on helium. The same empi r i ca l  formula s e e m s  t o  f i t  both 

cases, a t  least q u a l i t a t i v e l y .  It  would be i n t e r e s t i n g  t o  

extend t h e  measurement of P z S  f o r  pro tons  on helium t o  

h ighe r  e n e r g i e s  i n  o r d e r  t o  check fo r  t h e  peak a t  85 keV 

p r e d i c t e d  by t h e  empi r i ca l  formula. 
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APPENDIX 
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A. Quenching of t he  2 s  State  and Related Errors .  - - 
1. Quenching of Metastables. 

As i n  many previous experiments, t h e  present  work 

relies on t h e  l i f e t ime  of  t he  2s state of  hydrogen i n  a 

f i e l d  f r e e  region,  and the  extreme shortening of t h i s  

l i f e t i m e  through Stark mixing of t h e  2s and 2p states i n  an 

electric f i e l d .  /- 

Decay of the  2 s  s ta te  i s  o p t i c a l l y  forbidden because 

photons requi re  one u n i t  of angular momentum which cannot 

be provided. The primary decay mode of t h e  2 s  state i s  

double photon emission, so t h a t  t h e  l i f e t i m e  of t h e  2s s t a t e  

i s  q u i t e  long (0.14 sec.) . 
, 

Application of  an e l e c t r i c  f i e l d  provides an i n t e r -  

ac t ion  which connects s ta tes  of quantum number & d i f f e r i n g  

by 2 1  and w i t h  t h e  same quantum number MJ74. Thus i n  t h e  

presence of an electric f i e l d  the  2 s  s tate of  hydrogen i s  

mixed with t h e  2p s ta te .  The 2p s ta te  decays by photon 

emission t o  t h e  1s s ta te  with a l i f e t i m e  of 1 .6  x 10*9sec. 

Thus through t h i s  coupling t h e  apparent l i f e t i m e  of t h e  

2 s  s ta te  can be d r a s t i c a l l y  reduced by a f i e l d .  The l i f e -  

t i m e  can be ca lcu la ted  quantum mechanically7*. 

S e l l i x ~ ~ ~  has measured t h e  apparent 2s l i f e t i m e  and found 

I. A. 

exce l l en t  agreement with these  ca lcu la t ions .  The minimum 

2 s  l i f e t ime ,  f o r  f ields i n  excess of 600 volts/crn i s  

approximately 4.5 x 10-gsec. The expression represent ing 
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t h e  2 s  l i f e t i m e  is75 

where 'cap i s  t h e  2p l i f e t i m e  and t h e  f i e l d  in-eract ion,  M,  

is = 2fl Ee% 
L 

where E is  f i e l d  s t r eng th ,  L i s  t h e  Lamb 

s h i f t ,  is  t h e  Bohr rad ius ,  and e is  t h e  e l e c t r o n i c  

charge. 

For t h e  present  experimental s i t u a t i o n ,  where hydrogen 

,atoms i n  t h e  2s state  move through a f i e l d  region, t h e  

number of photons emit ted from the  region w i l l  depend on t h e  

l i f e t i m e  and thus on t h e  appl ied f i e l d .  In  t h e  present  case, 

increasing the  vol tage appl ied t o  the  quenching capac i tor  

should increase t h e  number of,photons emit ted i n  t h e  region 

viewed by t h e  photodetector u n t i l  t h e  l i f e t i m e  is  s u f f i c i e n t -  

ly s h o r t  t h a t  a l l  2 s  atoms decay i n  the viewed region; o r ,  

f o r  faster atoms, t h e  number emit ted w i l l  increase u n t i l  

t h e  lifetime reaches a minimum (araund 600 volts/cm appl ied 

f i e l d ) .  In  t h i s  la t ter  case some 2s atoms possibly w i l l  

not  decay i n  t h e  region viewed. This behavior i s  observed 

as shown (Fig. 34). A t  15 keV and above an appreciable  

f r a c t i o n  of t h e  2s atoms do no t  decay i n  t he  region viewed 

by t h e  photodetector so t h a t  t h e  y i e l d  curve s a t u r a t e s  only 

because minimum l i f e t i m e  i s  reached a t  around 1000 v o l t s  

appl ied  t o  t h e  capac i tor  p l a t e s .  
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2. Correct ion For F i n i t e  Length of  

Quenching Region. 

For a simple p a r a l l e l  p l a t e  capac i to r ,  t h e  f i e l d  

s t r eng th  would be near ly  uniform. However, t h e  p e c u l i a r  

cons t ruc t ion  of t h e  present  capac i to r  l eads  t o  a nonuniform 

f i e l d  s t r eng th .  The high vol tage  end of t h e  capac i to r  i s  

a closed shallow tube,  with provis ion  f o r  photodetec tor  t o  

v i e w  t h e  e n t i r e  quenching region. 

cons t ruc ted  i n  t h e  pecu l i a r  shape (shown i n  F i g .  35)  i n  

o rde r  t o  he lp  conta in  t h e  f i e l d  and i n  order t o  s h i e l d  t h e  

The capac i to r  was 

quenching reg ion  from s t r a y  e l ec t rons  or  photons i n  t h e  

de t ec to r  assembly. 

The f i e l d  wi th in  t h i s  capac i to r  w a s  ca l cu la t ed  by a 

simple numerical technique employing a s tandard computer. 

A t w o  dimensional a r r ay  of po in t s  represent ing  t h e  capac i to r  

shape was cons t ruc ted .  The p o t e n t i a l  w a s  set a t  zero a t  

a l l  po in t s  except  on t h e  su r face  of  t h e  tube end (box i n  t w o  

dimensions) of  t h e  capac i to r .  Holes i n  t h e  capac i to r  were 

assumed s u f f i c i e n t l y  s m a l l  t o  be ignored, The tube w a s  set 

- 

a t  -905 v o l t s  which w a s  t h e  appl ied  vol tage  throughout t h e  

experiment, and t h e  f r o n t  p l a t e  was he ld  a t  zero p o t e n t i a l .  

The p o t e n t i a l  a t  each po in t  on t h e  a r r ay  due t o  t h e  nea res t  

neighbor po in t s  w a s  then  ca l cu la t ed  employing Laplace's equa- 

t i o n .  This ca l cu la t ion  was repeated i t e r a t i v e l y  u n t i l  a 

s teady  state w a s  a t t a i n e d  f o r  t h e  p o t e n t i a l  a t  each po in t  on 

t h e  a r r ay  i n s i d e  t h e  capac i to r .  The f i e l d  along t h e  beam axis 

I 

. . - _  . , ~ . . . .. 
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w a s  then  obta ined  from t h e  p o t e n t i a l  of a r r ay  po in t s  along 

t h e  axis.  The p o t e n t i a l  dropped by approximately 1% a t  

po in t s  a d i s t ance  of 3/16 inch o f f  t h e  axis.  Thus t h e  

f i e l d  perpendicular  t o  t h e  axis w a s  taken t o  be uniform 

wi th in  t h e  dimensions of t h e  s c a t t e r e d  beam. The f i e l d  

s t r e n g t h  along t h e  ax i s  f o r  -905 v o l t s  appl ied  is shown i n  

Fig. 36. 

The decay of  t h e  2s state atoms is  shown schematical ly  

i n  Fig.  35. As i nd ica t ed ,  an apprec iab le  f r a c t i o n  of 

s u f f i c i e n t l y  f a s t  atoms can t r ave l  t h e  length  of  t h e  quench 

region without  decaying. Fur ther ,  a l l  p a r t s  of t h e  

quenching region are n o t  viewed equal ly  by t h e  photodetector  

because of changing s o l i d  angle ,  so t h a t  photons from t h e  

back p a r t  of  t h e  capac i to r  w i l l  no t  be counted d i r e c t l y  

propor t iona l  t o  t h e  de t ec to r  e f f i c i ency .  I t  is  necessary 

t o  determine what f r a c t i o n  of  photons are counted for each 

energy. 

The f r a c t i o n  t o  be determined, w i l l  be  independent of 

photodetector  e f f i c i ency  and number of inc iden t  atoms, so 

t h a t  normalizat ion of t h e  decay curve is  a r b i t r a r y .  Take 

t h e  t o t a l  number of ava i l ab le  photons, f o r  t o t a l  quenching, 

t o  be where T is  t h e  l i f e t i m e  and t is 

t h e  t i m e  i n  t h e  quench f i e l d .  Then f o r  a f i n i t e  quenching 

N = (!-t/Tdt 
0 

l ength ,  t h e  f r a c t i o n  of photons which are counted, w i l l  be  
A 
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where J i s  t h e  l e n g t h  of t h e  quench reg ion  and t h e  t i m e  i n  

t h i s  reg ion  ( f o r  a f i x e d  v e l o c i t y ,  v) i s  given by t = x/v. 

For t h e  p r e s e n t  geometr ical  s i t u a t i o n ,  t h e  first c e n t i -  

m e t e r  of t h e  quenching region i s  viewed by t h e  e n t i r e  

photodetec tor  opening. The las t  1.05 c m  i s  viewed by a 

decreas ing  p o r t i o n  of t h i s  opening; Assuming t h i s  decrease 

i n  effective s o l i d  angle  t o  be l i n e a r ,  w e  can express  it as 

a m u l t i p l i e r  t o  t h e  exponent ia l  decay. (The assumption of 

l i n e a r  decrease of e f f e c t i v e  so l id  angle  is  e s s e n t i a l l y  t h e  

same assumption employed i n  t h e  Jordan and Brode approxima- 

t i o n  which w a s  found t o  be adequate fo r  much more s e n s i t i v e  

geometry.) T h i s  factor w i l l  then  be a s t r a i g h t  l i n e  of  t h e  

form y ( x )  = mx + b w i t h  t h e  condi t ions  t h a t  a t  x = 1 cm,\ 

y ( 1 )  = 1, and t h a t  a t  x = 2.7. cm, where t h i s  l i n e  i n t e r s e c t s  

t h e  scattered par t ic le  beam axis, y ( 2 . 7 )  = 0, For t h e s e  

cond i t ions ,  y ( x )  = -0.588 x +1.588 f o r  x i n  cm. Thus t h e  

f r a c t i o n  of photons counted f o r  t h e  p r e s e n t  experimental  

fe-x/Vrdx C R 

arrangement i s  

f =  0 

0 f i -x/vrdx 

Where R i s  t h e  f r a c t i o n  of metastables which remain after 

t r a v e r s i n g  1 c m  of  quenching l eng th ,  i.e. 

R =  /op,-x/vTdx 
0 

For a c o n s t a n t  l i f e t i m e ,  T, t h e  express ion  for .E can 

be eva lua ted  i n  closed form for  each v e l o c i t y  used. I n  t h e  
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p r e s e n t  ca se ,  however, r changes wi th  t h e  changing f i e l d  

s t r e n g t h  i n  t h e  c a p a c i t o r  region.  However, m o s t  of t h e  

decay is  induced i n  t h e  f i r s t  1 c m  where t h e  f i e l d  s t r e n g t h  

i s  h i g h e s t  and T i s  n e a r l y  cons t an t .  The eva lua t ion  can 

also be c a r r i e d  o u t  i n  closed form fo r  T of  d i f f e r e n t  va lue  

for  t h e  two reg ions  of t h e  quenching capac i to r .  For t h e  

-905 vol t s  app l i ed  t h e  f i e l d  s t r e n g t h  i n  t h e  f i r s t  c e n t i -  

m e t e r  varies from 675 volts/cm t o  425 volts/cm, wi th  ___  
corresponding va lues  of r about  4.8  x 10"9sec. and 6 .3  x 

10-9sec. 

Evalua t ion  of t h e  f r a c t i o n  f w a s  c a r r i e d  o u t  assuming 

-r1 = 5.31 x lO-'sec. , corresponding t o  a cons t an t  f i e l d  of 

550 volts/cm i n  t h e  first reg ion .  By s imilar  approximation 

t h e  l i f e t i m e  i n  t h e  second c a p a c i t o r  reg ion  w a s  assumed 

cons t an t  a t  8.46 x 10"9sec. 

1, where fo r  each energy t h e  appropr i a t e  v e l o c i t y  w a s  used 

The r e s u l t s  are given i n  T a b l e  

i n  t h e  eva lua t ion .  The r e s u l t s  show 99% of t h e  atoms 

decay and are counted p r o p o r t i o n a l  t o  t h e  d e t e c t o r  e f f i c i e n c y  

fo r  1 keV energy and 69% are counted f o r  20 keV energy. 

For cornparision, f w a s  also eva lua ted  f o r  a simple p a r a l l e l  

p l a t e  c a p a c i t o r  of 2.05 cm p l a t e  s e p a r a t i o n , i . e .  assuming a 

cons t an t  f i e l d  of 4 4 2  volts/cm g iv ing  a cons t an t  l i f e t i m e  of 

6.10 x 10'9sec. 

approximations w a s  4 %  a t  20 keV. It w a s  concluded t h a t  t h e  

t w o  reg ion  approximation would be  a s u f f i c i e n t  approximation 

t o  t h e  continuous f i e l d  v a r i a t i o n  expected fo r  t h e  apparatus .  

The maximum discrepancy between t h e  t w o  

. . .. . . . . 
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Table 1. Fraction of Metastables Decaying Within 
Viewing Length of Photodetector 

Energy of Particle Fraction I "f 'I 

1 keV ,987 

2 

3 

0957 

,927 

4 0901 

5 

6 

7 

8 

,878 

. 856 

. 838 
, 821 

i 

9 ,806 

10 -792 

. ,. 
t 
1 

11 .778 

12 

13 

14 

.766 

.754 

.743 

15 .733 

16 

17 

.723 

. 714 
18 ,704 

19 

20 

.697 

.689 

21 -681 
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The values  of f obtained have been used t o  c o r r e c t  a l l  

of  t h e  da t a  i n  this r epor t  f o r  t h e  change with energy of  

t h e  number of metas tab le ,  H (2s)  , atoms decaying wi th in  view 

of t h e  photodetector .  The co r rec t ion  i s  appl ied  so t h a t  t h e  

c ros s  sec t ions  and p r o b a b i l i t i e s  a t  1 6  keV (normalizat ion 

po in t )  are unchanged. 
. .  

3 .  Prequenching Loss. 
/ 

A f u r t h e r  source  of e r r o r  may arise from t h e  quenching 

process .  The quenching f i e l d  can extend through t h e  

en t rance  ho le  i n  t h e  capac i to r  and i:iduce some quenching of 

metastables be fo re  t h e  region viewed by t h e  m u l t i p l i e r .  

The ho le  i n  t h e  capac i to r  p l a t e  leads  t o  weakening of t h e  

f i e l d  immediately i n s i d e  t h e  quenching region as w e l l  as 

ex tens ion  of t h e  f i e l d  beyond t h e  region viewed by t h e  photo- 

de t ec to r .  

ex tens ion  o u t  of  t h e  viewed region w i l l  depend on t h e  d e t a i l s  

of  t h e  s l i t  s t r u c t u r e .  

The  exact form of t h e  f i e l d  and length  of 

S~ny the ’~  ob ta ins  an expression f o r  

t h e  f i e l d  nea r  an i d e a l  s l i t  i n  a t h i n  conducting shee t .  

Using t h i s  r e s u l t  as a guide t h e  extension of t h e  f i e l d  and 

i t s  s t r e n g t h  can be q u a l i t a t i v e l y  est imated.  

A rough estimate of t h e  l o s s  of photons due t o  pre- 

quenching by t h e  f i e l d  extending through t h e  s l i t  is  

obtained by c a l c u l a t i n g  t h e  f r a c t i o n  of metastables  quenched 

i n  a d i s t ance  of one ha l f  t h e  s l i t  width by a f i e l d  of one 

half t h e  maximum value i n s i d e  t h e  quench region. Assuming 

1 
I 

. .  

i 
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a cons t an t  f i e l d  and wi th  t h e  appropr i a t e  0 . 1  cm s l i t  width,  

t h e  f r a c t i o n  of metas tab les  l o s t  is  

f O:-X/vT dx 
-' .OS f r a c t i o n  l o s t  = 0 = ' l - e  - re -x /vT dx VT 

0 
For a f i e l d  of 330 volts/cm t h e  l i f e t ime  is  about 8.0 x lo-' 
sec. Using t h e  appropr i a t e  velocit ies t h e  c a l c u l a t e d  values 

. .  

of t h e  f r a c t i o n  l o s t  

20 keV. 

Only t h e  change 

v a r i e s  f r o m  7.2% a t  4 keV t o  3% a t  

/ 

i n  t h i s  f r a c t i o n  l o s t  wi th  changing 
I 

v e l o c i t y  i s  important ,  as t h e  loss a t  1 6  keV is  inc luded  i n  

t h e  normal iza t ion  f a c t o r  f o r  t h e  photodetec tor  e f f i c i e n c y .  

The change of t h i s  l o s s  f r a c t i o n  over t h e  energy range 

s t u d i e d  should be  about 4 %  according t o  t h e  preceding 

estimate. 

s e c t i o n  measurements used f o r  photodetec tor  normal iza t ion  

(see. I V .  C. )  would be t o  improve t h e  s l o p e  agreement 

between p r e s e n t  d a t a  and previous i n v e s t i g a t o r s .  However, 

t h e  s l o p e  disagreement would n o t  be  e l imina ted  by a 

The effect on t h e  s lope  of t h e  t o t a l  2s cross 

c o r r e c t i o n  as s m a l l  as t h a t  es t imated .  

N o  c o r r e c t i o n  o f  t h e  d a t a  f o r  t h i s  prequenching loss 

of  photons has  been attempted because t h e  es t imated  change 

of  s l o p e  over t h e  energy range i s  q u i t e  small and because 

t h e  estimate is  tenuous. Thus, t h i s  p o s s i b l e  source of 

error remains i n  t h e  d a t a  f o r  t h e  p r o b a b i l i t i e s ,  PZs, and 

f o r  t h e  d i f f e r e n t i a l  c r o s s  s e c t i o n s  f o r  t ransfer  t o  t h e  2s 

state.  
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The t o t a l  c ros s  sec t ions  f o r  t r a n s f e r  t o  t h e  2 s  s tate 

as measured by Jaecks, e t  a131 and Andreev, e t  a133 are no t  

sabject t o  any of t h e  e r r o r s  discussed i n  t h i s  appendix 

s e c t i o n .  These experiments w e r e  performed wi th  quenching 

e l d s  i n  the t a r g e t  gas  region so t h a t  a s teady  state o f  

pxoduction of  H ( 2 s )  and decay through t h e  2p states occured. 

ese c r o s s  sec t ions  as measured by Bayfield60 should be 

ject t o  t h e  preceding cons idera t ions ,  bu t  he makes no 

mention of any co r rec t ions  and does no t  describe h i s  quench- 

. f i e l d  s t r e n g t h  i n  de t a i l .  
/ 

An a d d i t i o n a l  source of e r r o r  i n  2s c ross  sec t ions  

a s s o c i a t e d  wi th  t h e  quenching by electric f i e l d s  i s  t h e  

l a r i z a t i o n  of t h e  quench induced r ad ia t ion .  This i s  \ 

scussed i n  t h e  next  s ec t ion .  

. _  , . .. . I , .  
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B. Pola r i za t ion  of Quehch Ihduced - 
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1. Previous Inves t iga t ions .  

I n  t h e  ear l ier  m e a ~ u r e r n e n t s ~ ~ , ~ ~  of  t o t a l  t r a n s f e r  t o  

H ( 2 s ) ,  t h e  r ad ia t ion  induced by e l e c t r o s t a t i c  quenching 

w a s  assumed t o  be ioo t rop ic .  This assumption w a s  based on 

t h e  r e l a t i v e  values  of t h e  f i n e  s t r u c t u r e  s p l i t t i n g ,  

between 2P3/2 and 2P1/2; and t h e  Lamb s h i f t ,  between 2S1/2 

and 2P1/2 states of hydrogen. 
..--- 

Since t h e  Lamb s h i f t  i s  only 

about 1 0 %  of t h e  f ine '  s t r u c t u r e  s p l i t t i n g ,  (Fig. 37), it 

w a s  assumed t h a t  t h e  2S1/2 s ta te  coupled pr imar i ly  t o  t h e  

2P1/2 state. 

t i o n  should be i s o t r o p i c ,  so t h a t  it w a s  assumed t h a t  rad ia-  

The r a d i a t i o n  from t h e  2 P 1 p  t o  IS112 t r a n s i -  

t i o n  induced by t h e  quench f i e l d  would be nea r ly  i s o t r o p i c .  

I n  1 9 6 8 ,  F i t e ,  e t  a177 repor ted  measurements o f  

po la r i za t ion  of weak-field quench induced r a d i a t i o n  from 

H ( 2 s )  atoms which w e r e  formed by e l e c t r o n  impact on H ( 1 s )  

atoms. Using e lectr ic  f i e l d s  of 3 t o  15  volts/cm, they 

found t h a t  r a d i a t i o n  i n t e n s i t y  po la r i zed  p a r a l l e l  t o  t h e  

e h c t r i c  f i e l d  (Ill) w a s  weaker than t h e  i n t e n s i t y  po la r i zed  

perpendicular  t o  t h e  f i e l d  (11). The po la r i za t ion  measured 

a t  90° with r e spec t  t o  t h e  f i e l d  d i r e c t i o n  w a s  observed t o  be  

Following t h e  suggest ion of Fano; F i t e ,  e t  a l ,  calcu- 

Lated t h e  po la r i za t ion  r e t a in ing  t h e  2P3/2 component of 
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the weak-f ie ld  mixing. The wave func t ion  of t h e  atom i n  

t h e  f i e l d  w a s  expressed as 

where only  M of  +1/2 w e r e  included s i n c e  t h e  s t a r k  mixing 

i s  o n l y  f o r  states of  t h e  same m quantum number. The 

c o e f f i c i e n t s  a and b f o r  admixture of 2P1/2 and 2P3/2 

states w e r e  ob ta ined  f r o m  a time-independent p e r t u r b a t i o n  

expansion. The d i p o l e  matrix element fo r  r a d i a t i o n  from t h e  

mixed state,  

terms for  both 2Pl /2  and 2P3/2. 

t i o n  is obta ined  by squar ing  t h i s  d i p o l e  ma t r ix  element. 

t o  t h e  ground s ta te  1S1/2 now inc luded  

The i n t e n s i t y  of t h e  rad ia-  

The cone r ibu t ion  of t h e  square  of  t h e  2P3/2 t e r m  w a s  indeed 

s m a l l ,  b u t  t h e  cross product  ,term was n o t  n e g l i g i b l e .  The 

p o l a r i z a t i o n  p r e d i c t e d  by t h i s  c a l c u l a t i o n  w a s  -.329 i n  

J 

reasonable  agreement w i t h  t h e  experiment. A similar 

c a l c u l a t i o n  f o r  a w i d e  range of f i e l d  s t r e n g t h s  i s  t o  be 

o u t l i n e d  i n  t h i s  s e c t i o n .  

An a t tempt  t o  improve t h e  above c a l c u l a t i o n  f o r  weak 

fields has  been r e p o r t e d  by Casalese and Gerjuoy7* who 

i n c l u d e  t h e  e f f e c t s  of  t h e  hyper f ine  s p l i t t i n g  of t h e  n=2 

s t a t e s  (between 24 and 180MHz). T h e i r  r e s u l t ,  p o l a r i z a t i o n  

of --,323, does n o t  s u b s t a n t i a l l y  improve t h e  agreement 

between experiment and theory.  The i n c l u s i o n  of t h e  width 

of the P states (about 1 0 0  MHz) might have more effect on 

t h e  p o l a r i z a t i o n  than  t h e  hyper f ine  s p l i t t i n g .  
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For f i e l d s  above about 1 0 0  volts/cm, t h e  s h i f t  of 

energy l e v e l s  of  t e hydrogen s t a t e s  i n  t h e  appl ied  f i e l d  

w i l l  have an e f f e c t  on t h e  po la r i za t ion  of  t h e  r ad ia t ion .  

The s h i f t  of t h e  n=2 states i n  an electric f i e l d  is  shown 

i n  Fig.  37 from re fe rence  79. For s u f f i c i e n t l y  high f i e l d s  

t h e  s h i f t  of energy l e v e l s  i s  so g r e a t  t h a t  t h e  o r i g i n a l  

s p l i t t i n g  has no in f luence  and t r a n s i t i o n s  are expected t o  

t ake  p l ace  only between states f o r  which Am = 0 .  This  _is 

j u s t  t h e  component of  r a d i a t i o n  along t h e  f i e l d ,  Ill ,  so 

t h a t  t h e  p o l a r i z a t i o n  should become +1.0 ,  

2.  Ca lcu la t ion  of  t h e  Po la r i za t ion  as a 
Function of F i e l d  S t rength .  

' I  

. . ,  I 

The procedure f o r  t h e  following ca l cu la t ion  of t h e  

po la r i za t ion  of  quench induced r a d i a t i o n  from H ( 2 s )  w a s  

suggested by D r .  J. Macek. P a r t  of  t h e  ca l cu la t ion  i s  

s i m i l a r  t o  t h e  work of L U d e r ~ ' ~  for t h e  ca l cu la t ion  of  

l i f e t i m e  of t h e  2Sp/2 s t a t e  i n  an electric f i e l d .  

I n  o rde r  t o  calculate t h e  po la r i za t ion  o f  t h e  rad ia-  

t i o n  from H ( 2 s )  atoms i n  an electric f i e l d ,  it is necessary 

t o  cons t ruc t  t h e  t ine dependent wave func t ion  f o r  t h e  atom 

i n  t h e  f i e l d .  As previous ly  mentioned, t h e  electric f i e l d  

w i l l  connect those  unperturbed states wi th  

2 1  bu t  which have the same MJ. S ince  t h e  i n i t i a l  s tate i s  

2S1/2 with MJ = +1/2 o r  -1/2, t h e  unperturbed states mixed 

by t h e  f i e l d  w i l l  be 2SlI2, 2P1/2, "312 wi th  MJ = +1/2 or 

-1/2, The complete ca l cu la t ion  w i l l  be  c a r r i e d  o u t  f o r  

d i f f e r i n g  by 
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MJ = +1/2; t h e  same r e s u l t s  ho ld  fo r  MJ = -1/2. 

t h e  p r e s e n t  case, t h e  e igenfunct ions  $1, $2,  $ 3 ,  r ep resen t -  

i ng  unperturbed states 2F3/2, 2S1/2, and 2P l /2  r e s p e c t i v e l y ,  

provide a complete se t  of e igenfunct ions  f o r  desc r ib ing  t h e  

atom. 

Thus fo r  

Following Schi f f8* ,  w e  can relate t h e s e  eigenfunc- 

t i o n s  o f  t h e  unperturbed atom t o  t h e  e igen func t ions ,  J'j , of 

t h e  atom i n  t h e  f i e l d .  

/ 
I n  an electric f i e l d ,  t h e  atom i s  descr ibed  by 

HJ' j  = E j J t j  (1) 
A J  where H inc ludes  t h e  ope ra to r ,  Ear, fo r  t h e  electric f i e l d .  

It i s  pe rmis s ib l e  t o  de f ine  a matrix f o r m  of  H w i th  t h e  

unperturbed e igenfunct ions ,  Oi, b u t  t h i s  matr ix  w i l l  n o t  

be diagonal .  S ince  t h e  b a s i s  set ,  $ i ,  chosen has only  t h r e e  

e igenfunct ions  t h e  mat r ix  d e f i n i t i o n  of H w i l l  be t h r e e  by 

t h r e e .  L e t  t h e  matrix d e f i n i t i o n  of H be  given by, 

HM = ($vlHl@u) where v and u are 1, 2 ,  or  3. The matrix 
Y 

then  becomes 

E3 M 0 

0 v o  
HM = (M Ea V) 

where M = ( $ l l e E * r l $ 2 )  ( 3 4  

v = ($JeE*r l$$  (3b) 

and where t h e  energy of  t h e  unperturbed 2P1/2 s ta te ,  El, has 

been taken t o  b e  zero.  

According t o  t ransformat ion  theory80 t h e  u n i t a r y  mat r ix  

U ,  which d i agona l i zes  HM, provides  t h e  coefficients U j i  

which describe t h e  expansion of t h e  new eigenfunct ion,  $j , 

.,.. . 
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for which HM is  diagonal) i n  terms of t h e  previous basis 

set $ i e  That i s ,  

There w i l l  be three indepent e igenfunct ions,  @j. The 

. i  
! 

. ,' i 

I 
. .  I 

matr ix  U which w i l l  d iagonal ize  H M . i s  obtained by solving 

t&e eigenvector  problem, 

_- 

A 

The eigenvectors ,  Uj, together  form t h e  desired matr ix  U. 

Thus so lu t ion  of t h e  e igenvector  problem provides t h e  

ansion c o e f f i c i e n t s  needed i n  ( 4 )  t o  def ine the  eigen- 
\ 

func t ions ,  J l j ,  of t h e  atom i n  , t h e  f i e l d  i n  terms of t h e  

known eigenfunct ions $ i t  of t h e  unperturbed atom. 

The H ( 2 s )  a t o m  w i l l  evolve,  i n  t i m e ,  i n  an electric f i e l d  

because t h e  eigenfunct ions,  Jlj, contain $1 and $3 which 

decay t o  t h e  ground s ta te  of hydrogen, 1S1/2, (to be 

represented as $o). 

for t h e  atom i n  t h e  f i e l d  is 

Thus t h e  t i m e  dependent wave funct ion 

J " 

The coe f f i c i en t s  a j  can be determined from the i n i t i a l  

condi t ion  t h a t  a l l  atom e n t e r  t h e  f i e l d  i n  t h e  unperturbed 

-3 
state, $2. That  is ,  
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from which S a j U j i  = 6 i 2  
j 

SO t ha t  f o r  a u n i t a r y  mat r ix ,  U; 

func t ion  r ep resen t ing  a hydrogen atbm i n  an electric f i e l d  

which w a s  i n i t i a l l y  i n  t h e  2S1/2 s ta te  i s  thus  

a j  = Uj2*. The wave 

Ignoring t h e  widths  of t h e  P levels  and t h e  hyper f ine  

s t r u c t u r e ,  t h e  r a d i a t i o n  from t h e  atom represented  by -(5) 

t o  t h e  ground s ta te ,  i s  given by 

where (9, IX I Y )  i s ,  t h e  usua l  d i p o l e  m a t r i x  element for  a (2 

r a d i a t i v e  t r a n s i t i o n  and Xq i k  t h e  component o f  t h e  X along 

p o l a r i z a t i o n  d i r e c t i o n  q.  Taking t h e  f i e l d  along t h e  z 

axis, t h e  components.of X are 

where t h e  Ylq are t h e  s p h e r i c a l  harmonics. 

over alltime impl i e s  t h a t  a l l  of t h e  o r i g i n a l  H ( 2 s )  atoms 

The i n t e g r a t i o n  

decay. 

A f t e r  p u t t i n g  (5) i n t o  (6 )  t h e  r e l a t i o n s h i p  can be 

w r i t t e n ,  
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The i n t e g r a t i o n  over  t i m e  y i e l d s  

However, for j ' # j , ( E j  t - E j )  i s  l a r g e  so t h a t  the  i n t e g r a l  

i s  n e g l i g i b l e  compared t o  i t s  value with j 1  = j .  Thus i n  

the  summation j' # j can be neglected.  This g ives ,  

Using t h i s  r e s u l t ,  

J 

The width y i s  f o r  one of  t h e  eigenfunct ions of t h e  
j 

atom i n  the f i e l d ,  t h a t  is f o r  a p a r t i c u l a r  mixture  of 

$3,  $2t ( represent ing 2P3/2, 2S1/2, 2P1/2) .  The value 

of y j  depends on t h e  relative mixture of P states with t h e  

s state. That i s  

. . - - -  " . . ~  - - .  . . _,, . ... . ... 
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Thus t h e  express ion  f o r  t h e  t o t a l  r a d i a t i o n  i s  

The p a r t  of t h e  d i p o l e  matrix elements involving 

r(4n/3)1/2 i s  common t o  a l l  of the i n t e n s i t y  express ions  

and t h u s  can be included i n  t h e  p r o p o r t i o n a l i t y  factor. 

The same is t r u e  for  l / y .  Then, 

\ 

The component'of Itotal along t h e  f i e l d  d i r e c t i o n  is' 

where VJj =A UjiQi . The o t h e r  two similar components 
i=l 

(for  q = +l) are perpendicular  t o  t h e  f i e l d  d i r e c t i o n  so 

t h a t  Itotal = 111 + 211. 

I n  an experiment wi th  r a d i a t i o n  viewed a t  90' t o  t h e  

f i e l d  d i r e c t i o n ,  t h e  d e t e c t o r  w i l l  be  a long 'one  o f  t h e  

pe rpend icu la r  component d i r e c t i o n s ,  so t h a t  t h i s  component 

i s  n o t  seen .  Thus t h e  usua l  d e f i n i t i o n  of p o l a r i z a t i o n  i s  

Employing 1tot-l = 111+211,  t h e  express ion  f o r  po la r i za t ion  
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Fur the r ,  s ince  t o t a l  quenching has been assumed, I t o t a l a l ,  

so t h a t  only Ill must be ca l cu la t ed .  

T o  complete t h e  ca l cu la t ion  t h e  matr ix  elements V and 

M (3a and 3b) must be ca l cu la t ed  SD t h a t  t h e  mat r ix(2)  

descr ib ing  t h e  atom i n  a f i e l d  can be diagonal ized and t h e  

expansion c o e f f i c i e n t s ,  U j i i  obtained.  

elements 

These mat r ix  
-c 

a r e  of t h e  same form as t h e  d ipo le  ma t r ix  elements,  

( ( I ~  IYno 1 $o), which appear i n  expression ( 7 ) .  

These elements are most e a s i l y  evaluated by using t h e  

&m orde r  t o  apply t h e  theorem w e  need t o  recouple t o  t h e  

EMLSMs scheme. This  recoupl ing g ives  

(LsJ%IYlO ILosoJoMJo) =g:SOJMJILMLSMSo) (LMLIylolLoMLO) 

(LoMLoso%o I LosoJoMJo) ML 
b o  

where t h e  recoupling c o e f f i c i e n t s  cap be evaluated using 

s tandard  tables81.  Also, use has been made of  t h e  

information MS=MSO and S=So for  t h i s  t r a n s i t i o n .  

Wigner-Eckhardt theorem, 

The 
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(where T 

appl ied t o  (LMLIYlo[LoML0) and the  evaluat ion can be 

performed. (The reduced matr ix  element (L1 l Y l l  /Lo) is  

evaluated i n  ref. 82 f o r  t h e  spher ica l  harmonics). 

i s  a t enso r  operator  such as Y l o )  can now be 
kq 

Applying a l l  t h e  q u a n t i t i e s  thus determined gives  t h e  
/- 

value of  t h e  matrix elements 

( 4 1 I Y l O l 4 0 )  = +IF for  r ad ia t ion  from 
-6- 2p3/2 t o  lS1 /2  

\ 
f o r  rad ia t ion  f r o m  
2p1/2 t o  %/2 

- *  

. .  
f . \  

Since cjo and $2 have i d e n t i c a l  angular components, 

evaluat ion of  M and V i s  carried o u t  by including integra-  

t i o n  over  r w i t h  t h e  radial  components of t h e  wave funct ions 

4 2 -  Then, 

M = ($1 1 e E . r  142) = -w Eeao 

V = ( 4 3 l e E * r l @ 2 )  = fl Eeao 

for  the  mixing of 
2p3/2 and 2s1/2 

and f o r  t h e  mixing of 
2p1/2 and 2SlI2 

(which is  the  same as other inves t iga to r s  have obtained 

€or these  matr ix  elements79 ) 

A l l  of t h e  information necessary i s  now ava i lab le  t o  

c a l c u l a t e  ( 7 )  

. 
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The d i a g o n a l i z a t i o n  of 

i 

t h e  ma t r ix  (2) g iv ing  U j i  w a s  

accomplished for  each  va lue  o f  f i e l d  s t r e n g t h  E ,  by a 

s t a n d a r d  computer program83. The i n t e n s i t y ,  111 ( 7 )  and 

t h e  p o l a r i z a t i o n ,  (8), w e r e  t hen  eva lua ted  f o r  each s e t  of 

U j i  ob t a ined .  

The r e s u l t s  are shown i n  Fig.  3 8 .  For weak f i e l d s  

(10 volts/cm) t h e  value obta ined  i s  P = m.329 i n  agreement 

wi th  t h e  r e s u l t  c a l c u l a t e d  by F i t e ,  e t  a177. For t h e  

p r e s e n t  exper imenta l  arrangement m o s t  of t h e  r a d i a t i o n  

comes from the  first p a r t  of t h e  c a p a c i t o r  where t h e  f i e l d  

s t r e n g t h  averages about 550 volts/cm. The p r e d i c t e d  \ 

p o l a r i z a t i o n  a t  

3 .  

i 

this  f i e l d  s t r e n g t h  ;iS - .20.  

Appl ica t ion  t o  t h e  Experiment. 

The i n t e n s i t y  measured by t h e  photodetec tor  has  been 

assumed t o  be p r o p o r t i o n a l  t o  t h e  t o t a l  i n t e n s i t y  which 

determines t h e  measured c r o s s  s e c t i o n  (or  p r o b a b i l i t y  P z S )  . 
Since t h e  radiation is n o t  i s o t r o p i c  t h i s  p r o p o r t i o n a l i t y  

w i l l  n o t  be direct ,  A s t anda rd  analysis84 employs t h e  

p o l a r i z a t i o n ,  as d e f i n e d ,  t o  relate t h e  i n t e n s i t y  observed 

a t  any ang le  t o  the t o t a l  i n t e n s i t y .  The r e s u l t  can be 

expressed i n  t h e  form 
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For t h e  present  experimental s i t u a t i o n  0 i s  approximately 

9 0 ° ,  so t h a t  f o r  t h e  predicted polar iza t ion  of  -.20, 

Since the previous assumption was t h a t  t he  i n t e n s i t y  a t  t h e  

d e t e c t o r  was 1 to ta1 /4 r  t i m e s  t h e  s o l i d  angle viewed by t h e  

detector, the e r r o r  i s  about  6 % ;  t h e  measured i n t e n s i t y  

being about 6% lower than assumed. c 

This predicted e r r o r  is f o r  r ad ia t ion  detected a t  90' 

The  a c t u a l  apparatus arrangement allows t h e  de t ec to r  t o  

accept  r ad ia t ion  from a l a rge  spread of angles around 90'. 

The effect of t he  po la r i za t ion  is  thus  reduced as seen by 

.' I 

i nspect ion of t h e  expression ( 8 ) .  

The measurements used f o r  normalization of t h e  photo- 

d e t e c t o r  are expected t o  contain s imi l a r  e r ro r s .  The 

po la r i za t ion  of the  measurements of  Andreev, e t  a133, w i t h  

t h e  de t ec to r  a t  90 '  t o  a f i e l d  of 600 volts/cm, should be 

about P = -.18. The e r r o r  then being about t h e  same as f o r  

present  measurements. The polar iza t ion  of t h e  measurements 

of Jaecks,  e t  a131 i s  not  d i r e c t l y  predicted by t h e  present- 

ed theory due t o  t h e  a l t e r n a t i n g  of  f i e l d  d i r ec t ion .  

N o  cor rec t ion  has been appl ied t o  t h e  data  f o r  t he  

pred ic ted  polar iza t ion .  N o  at tempt has been made t o  

p r e d i c t  poss ib le  va r i a t ion  of t h e  po la r i za t ion  with ve loc i ty  

of  H ( 2 s )  atom i n  the  f i e l d .  Any such a f f e c t  i s  expected t o  

, 

be  secondary. Thus the  predicted correct ion i s  an ove ra l l  
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f a c t o r ,  and should be appl ied  before  normalization. Since 

it i s  a + 6 &  cor rec t ion  t o  t h e  absolu te  values  t h a t  are only 

accu ra t e  t o  about +40%, neg lec t  of t h e  po la r i za t ion  i s  

not  considered t o  be a se r ious  error. 

Experimental measurement of the  po la r i za t ion  of  quench 

induced r a d i a t i o n  from H ( 2 s )  as a func t ion  of appl ied  f i e l d  

would provide i n t e r e s t i n g  comparison t o  t h e  p red ic t ed  values .  

/ 

\ 

i 

.' . \ 'a . .  
. .  
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C.  Cascade Contr ibut ions t o  'the -- 

. .  
: w: 

' !  

I 

. ' f  

. .  

H ('2s) 'Papulation , 

Some of t h e  H ( 2 s )  atoms de tec t ed  i n  t h e  quenching 

region may be due t o  t r a n s f e r  t o  t h e  n=3,4,5... states of  

hydrogen w i t h  subsequent t r a n s i t i o n  t o  t h e  2s state .  Such 

a con t r ibu t ion  t o  t h e  H ( 2 s )  populat ion should not  be 

counted as charge t r a n s f e r  t o  t h e  2 s  state. 

The approximate con t r ibu t ion  from n=3 and n-4 states 

t o  t h e  H ( 2 s )  populat ion can be est imated using t h e  

measurements of  Hughes, e t  a1 85, These measurements 

r e p o r t  t h e  t o t a l  (all angles)  c ros s  sec t ions  f o r  t r a n s f e r  

t o  3s ,  3p, and 4s states of hydrogen from c o l l i s i o n s  of  

protons and var ious  gas  atoms, and compare t h e  magnitude of 

t hese  c ross  sec t ions  t o  t h e  magnitude of t h e  2 s  and 2p 
i 

t r a n s f e r  c ros s  sec t ions .  The 3p and 4p states can decay 

t o  t h e  2 s  s tate.  The magnitude of t h e  3p state is  given,  

but t h e  magnitude of t h e  4p s ta te  must be est imated from 

the behavior  of  t h e  o t h e r  cross sec t ions .  

Since f o r  t h e  p re sen t  apparatus  t h e  path from t h e  

c o l l i s i o n  c e n t e r  t o  t h e  de t ec t ion  region is  q u i t e  long 

(about 15  c m ) ,  any atoms formed i n  3p o r  4p states decay 

be fo re  reaching t h e  de t ec to r  region. The f r a c t i o n  of t h e  

H ( 2 s )  population a t  t h e  de t ec to r  cont r ibu ted  by atoms 

formed i n  t h e  3p s ta te  is  given by. 

' .% (A3p-2s) 
Cont. ( 2 s )  from (3p) = 

02s  *3p 
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4; 

where A3p-2s i s  t h e  t r a n s i t i o n  p r o b a b i l i t y  3p-2s and 

A is  t h e  t o t a l  t r a n s i t i o n  p r o b a b i l i t y  3p t o  a l l  o t h e r  

states. The s a m e  r e l a t i o n s h i p  holds  for  t h e  c o n t r i b u t i o n  
3P 

of 4p-2s and each of t h e  h igher  states. 

ments of  Hughes, e t  a1 85 and t h e  a p p r o p r i a t e  t r a n s i t i o n  

p r o b a b i l i t i e s  (from ref. 74 p. 266) t h e  c o n t r i b u t i o n  from 

t h e  3p s t a t e  f o r  helium i s  

Using t h e  measure- 

Cont. 2s f r o m  3p = (.25) ( .12)  = .03 / 

The c o n t r i b u t i o n  f r o m  t h e  atoms formed i n  t h e  4p s ta te  is 

obta ined ,  a € t e r  e s t ima t ing  0 4 ~ ,  t o  be approximately 

Cont. 2s from 4p = (.08) ( . 12 )  = . 0 1  

The c o n t r i b u t i o n  of each of  t h e  h ighe r  states should be  

less, I t  i s  reasonablea to  assume t h e  c o n t r i b u t i o n  from 

a l l  h ighe r  s ta tes  i s  approximately .01.  Thus t h e  t o t a l  

cascade c o n t r i b u t i o n  t o  t h e  popula t ion  of H ( 2 s )  a t  t h e  

d e t e c t o r  is  es t imated  t o  b e  5% f o r  pro tons  on helium, The 

es t imated  cascade c o n t r i b u t i o n  f o r  argon is  3%. 

The estimate is  f o r  an overal l  c o n t r i b u t i o n  t o  t h e  

magnitude of t h e  t o t a l  charge cross s e c t i o n  f o r  t r a n s f e r  t o  

t h e  2 s  state.  It  is  assumed t h a t  t h i s  f r a c t i o n a l  cont r i -  

bu t ion  w i l l  be approximately t h e  same f o r  t h e  d i f f e r e n t i a l  

cross s e c t i o n s  and p r o b a b i l i t i e s  measured. I t  is  p o s s i b l e  

fo r  t h e  c o n t r i b u t i o n  t o  change as a func t ion  of angle  o r  

energy because of d i f f e r e n t  behavior  of 3p (or  h ighe r  states) 

and t h e  2s cross s e c t i o n s  as a f u n c t i o n  of t h e s e  q u a n t i t i e s ,  

However, any such change should be cons iderably  less than  

j 
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5% o v e r a l l  c o r r e c t i o n .  Thus t h e  s l o p e  of any o f  t h e  P z S  

measurements should be a f f e c t e d  by less than  5%. 

It  should be noted t h a t  t h e  c o n t r i b u t i o n  of  cascade 

t o  t h e  t o t a l  c r s o s  s e c t i o n  f o r  t r a n s f e r  t o  t h e  2s s ta te  

measured by o t h e r  i n v e s t i g a t o r s  w i l l  n o t  be  t h e  same as 

t h a t  estimated f o r  the p r e s e n t  case. The measurements o f  

Jaecks, e t  a131 and Andreev, e t  a133 were made wi th  

quenching i n  t h e  c o l l i s i o n  region.  

upper states are s u f f i c i e n t l y  long t h a t  p a r t  of t h e  

hydrogen atoms formed by t r a n s f e r  t o  t h e s e  upper states do 

n o t  decay u n t i l  a f te r  pass ing  t h e  reg ion  viewed by t h e  

The decay times of  _-  t h e  

photodetec tor .  I n  add i t ion ,  t h e  presence of t h e  electric 

f i e l d  i n  t h e  c o l l i s i o n  reg ion  modif ies  t h e  t r a n s i t i o n  

p r o b a b i l i t i e s  making t r a n s i t i o n  t o  t h e  1s s ta te  more 

probable ( t r a n s i t i o n  t o  t h e  2s state less probable)  than  

i n  the  f i e l d  free case.  Both of  t h e s e  cons ide ra t ions  

decrease  t h e  c o n t r i b u t i o n  of  cascade t o  t h e  popula t ion  of 

H ( 2 s )  a t  t h e  d e t e c t o r .  The magnitude o f  t h e  cascade 

c o n t r i b u t i o n  t o  t r a n s f e r  cross s e c t i o n s  is t hus  expected 

t o  be  s l i g h t l y  less f o r  these measurements than  f o r  t h e  

p r e s e n t  measurements. The measurements of Bayf ie ld  60 

were made w i t h  appara tus  arrangement s i m i l a r  t o  t h a t  of t h e  

p r e s e n t  measurements so t h a t  cascade c o n t r i b u t i o n  would be 

similar t o  t h a t  es t imated .  The d i f f e r e n c e  between measure- 

ments w i th  quenching i n  t h e  c o l l i s i o n  region (Jaecks and 

Andreev) and measurements w i th  quenching a f t e r  t h e  c o l l i s i o n  

I 



157. 

region (Bayfield and p r e s e n t ) ,  due t o  c o n t r i b u t i o n  of 

cascade,  i s  estimated t o  b e  2-3%. 

Again t h e  c o r r e c t i o n  for  cascade has  n o t  been a p p l i e d  

t o  t h e  p r e s e n t  measurements. The estimate is  a -5% 

c o r r e c t i o n  t o  be abso lu te  va lue  of 2s  p r o b a b i l i t i e s  and 

cross s e c t i o n s  (estimated accuracy 5 4 0 % )  and has  t h u s  been 

considered n e g l i g i b l e .  

I t  might be  noted t h a t  t h e  es t imated  o v e r a l l  -- 

c o r r e c t i o n  fo r  prequenching of H (2s) and cascade cont r ibu-  

t i o n  t o  H ( 2 s )  are oppos i t e  and o f  approximately t h e  same 

magnitude. The v a r i a t i o n  of t h e s e  t w o  c o n t r i b u t i o n s  wi th  

energy, a f f e c t i n g  t h e  s l o p e  of a l l  d a t a ,  w i l l  n o t  necessar-  

i l y  cance l ,  b u t  should be  q u i t e  s m a l l .  

Severa l  c o r r e c t i o n s  have been estimated but  no t  app l i ed  

t o  t h e  d a t a .  These estimates w e r e  made i n  o rde r  t o  d e t e r -  

mine t h e  approximate magnitude of t h e  e f f e c t  which t h e  

va r ious  error sources  might have. The est imated correct- 

i o n s  are a11 small  and somewhat tenous ,  so t h a t  a c t u a l  

c o r r e c t i o n  of t h e  d a t a  w a s  n o t  c a r r i e d  ou t .  

i 
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D. Tabulat ion of  - D i f f e r e n t i a l  Cross Sectiolls  
ahd Charge Transfer.  Prob'abi'liti'es. - 

Tables 2 through 1 2  present  t h e  t abu la t ed  r e s u l t s  of 

a l l  t h e  measurements discussed i n  t h i s  t h e s i s .  The 

l i s t e d  ind iv idua l  e r r o r s  represent  s tandard devia t ions  of 

a t  least 5 (usua l ly  more) t r ia l s  of t h a t  p a r t i c u l a r  d a t a  

po in t  and thus  r ep resen t  relative e r r o r  only. E s t i m a t e s  

of o v e r a l l  accuracy are l i s t e d  with each set of da t a .  
_ -  

These estimates are discussed i n  t h e  main body of t h e  

t h e s i s ,  where d a t a  i s  presented,  with some d e t a i l s  

discussed i n  t h e  o t h e r  appendix sec t ions .  

1 

I 
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T a b l e  2 :  PROTONS ON ARGON AT 8T = 20 keVOdeg. 

T o t a l  D i f f e r e n t i a l  Charge T r a n s  fer 
P r o b a b i l i t y ,  Po Energy  S c a t t e r i n g ,  d o t o t a l  

an 
3.5 k e V  0.892 x cm2 0.564 

4.0 1 .333  5.122 . 646 

4 .5  1 .657  l 622 

s terradian 

5.0 2.06 . 600 
- -  6.0 2.86 5.16 e 529 

7.0 4.15 e 454 

8.0 

9.0 

5.29 

6.12 

0393 

.378 

10 .0  7.23 .387 

1 1 . 0  8.51 

12 .0  10 .37  

.365 

.388 

1 3 . 0  111.03 . 415 

1 4 . 0  17 .79  5.70 

15.0 1 2 . 8 5  

.462 

.476 

4 
.. . 

16.0 13 .24  . 511 

. i  

. \ ' i  

1 7 . 0  14 .90  . 532 

18 .0  15 .62  .555 

19 .0  1 6 . 0 1  

20.0 18 .83  

.580 

e594 

E s t i m a t e d  absolute error of dOtot-1 , 515%, except near  1' 
m 

(20keV), 530%; of Po, 55%. 
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T a b l e  3 :  PROTONS ON ARGON AT 0T = 20 keV'deg. 

P r o b a b i l i t y  of Differential Cross 
Energy  T r a n s f e r  t o  2 s ,  PzS S e c t i o n  do ( z S )  

d-w; 

3.0 keV 1 .743  x lO"2 0.105 x 
sterradian 

3.5 k e V  1 . 3.51 0.119 

4;O 1 .272  5.108 0.168 5.014 

4.5 

5.0 

6.0 

7.0 

1 .345  0 . 226 

1 .446  5.118 0.298 5.030 
--- 

I 

1 .542  0.442 

0.570 1 .362  

8.0 1.353 k.091 0.731 5.061 

9.0 1.381 0 ,870  

10 .0  1 . 4 6 8  1 .051  

11.0 1.534 1 .248  i 
i 

. I  1 

12.0 1 .556  k.058 1 .485  5.144 

13.0 1 .585  1.583. 

1.860 5.228 

2.05 

2.25 

2.73 

3.06 5.31 

3.20 

3.48 

. !  
I 14.0 1 .694  5.114 

15.0 1.726 

16.0 1 .794  

17.0 1 .916  

18.0 1 .968  k.076 

19.0 1 .960  

20.0 1 . 9 6 1  . 

E s t i m a t e d  A b s o l u t e  E r r o r  540%. . \  ''1 . .  
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Table 4: PROTONS ON ARGON AT 6.25 keV. 

r,: 

. .  

1 

Impact T o t a l  D i f f e r e n t i a l  Charge 
Angle Parameter S c a t t e r i n g ,  d o t o t a l  T r a n s f e r ,  Po 

d62 

6.0 0.36 a.u. 0.382 x - cm2 .480 

5.0 0,40 0.769 k.010 .490 
sr 

4'. 5 0.43 1.093 .482 

4.0 0.46 1.578 .495 

3.5 

3.0 

2.7 

2.3 

2.0 

1.7 

0.50 2.23 

0.55 3.45 

0.58 4.97 k.13 

0.65 7.21 

0.70 9.80 

0.76 14,.24 

_-- 
.515 

. 526 
b 523 

. 544 
,548 

.560 

1.5 0.81 16.77 . 571 
1.2 0.92 27.6 . 571 
1.0 1.01 36.9 -588 

0.8 1.17 50.3 .611 

Values of impact parameter taken  f r o m  Doselo. 

Estimated a b s o l u t e  error of Po, 55%. 
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T a b l e  5: PROTONS ON ARGON AT 6 .25  k e V .  

' *  

i 

Angle 

6 . 0 '  

5.0 

4 ; 5  

4.0 

3.5 

3.0 

2.7 

2 .3  

2.0 

1 . 7  

1 . 5  

1 . 2  

1 . 0  

Impact P r o b a b i l i t y  of D i f f e r e n t i a l  Cross 
P a r a m e t e r  T r a n s f e r ,  PzS S e c t i o n ,  do (zS) 

r 
1 6  an2 0.36 a.u. 1 .444  x 0.0563 x 10- I sr 

0.40 1 .24% . 0.0968 

0.43 

0.46 

0.50 

0.55 

0.58 

0.65 

0.70 

0.76 

0 . 8 1  

0.92 

1 . 0 1  

1 .263  k.080 0.1394 5.0040 

1 .409  0.2236 

1 . 4 9 1  0.3332 

1 .517  0.5281 

1 .458  5.060 0.7306 5.0400 

1 .462  1 .064  

1.437 1 .463  

1 . 4 6 1  2.205 

1.468 5.113 2.720 k.120 

1 .422  4.358 

1 .288  5.288 
I 
I . .. 

0.8  1 . 1 7  1 .213  6.938 

E s t i m a t e d  a b s o l u t e  error, 540%. 
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T a b l e  6:  PROTONS ON ARGON AT 3.0'.  

To ta l  D i f f e ren t i a l  Charge  T r a n s f e r  
Energy S c a t t e r i n g ,  dotota1 P r o b a b i l i t y ,  Po 

dS2 

3 keV .602 

4 

5 

6 

6.67 

7 

8 

9 

1 0  

11 

1 2  

13  

1 4  

15  

1 6  

1 7  

18 

1 9  

20 

-15 cm2 
4 0 6 6  lo s t e r r a d i a n  

4.06 

3.33 

3.11 

3.00 

2 .41  

2.19 

1 . 8 1  + . l o  
1 . 4 5  

1.31 

1 . 2 1  

1 .02  

0 .971  5.015 

0 , 9 3 8  

0.846 

0.805 

0.793 

0 . 735 

.709 

657 

. 564 - 

.470 

.427 

,385 

0375 

.391  

403 

d 

.436 

.472 

0494 

512 

.525 

.520 

0 537 

.561  

E s t i m a t e d  absolute  error of dotota l ,  +15% of Po, +5%. 
i9s2 

. . .  . .. . ... 



U 

164.  

' ,  
h i :  

" w 

I 
I 
i 

& I  

I 

' I  

5 

. .  

Table 7: PROTONS ON ARGON AT 3 . O o  . 
P r o b a b i l i t y  of Di f fe ren t ia l  Cross 

Energy T r a n s f e r ,  PzS Section, d ~ ( 2 ~ )  
dn I 

3 keV (1.81 111 .12)x10e2 -16 cm2 
0 * 7 2 6  lo sterradian 

4 1 . 7 7  x l o m 2  . .a27 

5 2.04 . 820 

6 2.03  .682 

6.67 1.89 .592 

7 

8 

9 

10  

11 

1 2  

13 

1 4  

15 

1 6  

1 7  

1 8  

1.77 

1.70 

1 . 7 7  

1.64 k.17 

1 . 7 4  

1.76 

1.87 

1.88 

2 .08  

2 .02  

1 . 9 2  

2 .27  k . 1 3  

. 539 

.401  

.393 

-304 lt.032 

,254  

. 232 

.228 

- 1 9 8  

.204 

.185 

.174 

.181 lt.010 

19 2.16 .177 

20 2 . 5 1  -187  

E s t i m a t e d  absolute error, +-40%. 

_-- 
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Table 8 : PROTONS 0 N HELIUM, TOTAL DIFFERENTIAL 
SCATTERING CROSS SECTIONS, dototal 

-- 
dS 1 . . .  

( i n  u n i t s  of 10-16' .a2 1 s terradian 

BT=5keV*Deg. 8T=10 BT=20 B T = ~ O  B T = ~ O  
Energy p=0.45a.u. p=0.26a.u. p=0.14a.u. p-0.09a.u. ~~0.05a.U. 

3 keV 24.6 3.99 

3.5 34.8 5-55 0.723 

4 36.6 8.52 k.95 1.03 
i 

4.5 56.8 54.8 11.36 1.35 

5 67.6 13.78 1.36 5.10 

5-5 15-52 1.85 

6.25 20.0 51.0 2.36 k.18 0.644+.040 

\ 7 23.1 303 0.701 

8 26.9 ' 3.69 0.915 

9 24.4 4.66 1.17 

10 

12 

37.1 5.35 1.32 0.223 

7.135.15 1.79 0.247 

14 9.04 2.80 0.308 
k.083 

116 

18 

11.145.93 3.39 0 . 536 
13 . 37 3.071t.25 0.535 

i 

20 12.36 4.43 0.645 

Estimated absolute error 515% except near 1 degree 530%. 
1 

!' 
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Energy 

3 k e V  

3.5 

4 

4 . 5  

5 

5.5 

6.25 

7 

8 

9 

PO 

1 2  

1 4  

16  

1 8  

20 

Tab le  9:  

0T=5 
k e V *  D e g  . 

.056 

.028 

.023 

058 

. 074 

PROTONS ON HELIUM, CHARGE 
TRANSFER PROBABILITY, Po. 

8T=10 8T=20 e ~ = 3 0  0T=50 

.053 

.031 . 040 

,026 0 019 

.034 0 022 

.068 .046 

' . l o 3  .082 

, 1 4 4  . 130 

,165 .160 

. 152 . 153 

. 115, .128 

-106 .175 

. 062 

.118 

. 203 

293 

. 381 

Es t ima ted  absolute error, I t lo%. 

119 

.150 

.148 

.119 

.086 

. 066 

.107 

-185 . 

.288 

355 

.097 

. 071 

.105 

.178 

. 262 

-348  
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Table 1 0 :  PROTONS ON HELIUM; CHARGE 
TRANSFER TO THE 2 s  STATE, 
p2s * .j 

' .  

8T=5 8T=10 8T=20 e ~ = 3 0  8T=5(r 
E n e r g y  keV* D e g  . 
3 k e V  . 0 4 3 ~ 1 0 ' ~  . 1 6 0 ~ 1 0 - ~  

2.r: 

' a c  

3.5 . 1 2 1  .095  . . 1 5 3 ~ 1 0 ' ~  

4 .155 .113 202 

4.5 2205  032 a 1 7 5  1 8 7  

5 . 310 .178+.032 .243  

5.5 .250 . 310 

6.25 .340+.051 .5215.071 .670+.057 
x10-2 

7 .532  .644 517  

8 

9 

\ 
(I 599 . G O 8  .588 

e 554 .403+.050 - 4 2 5  

1 0  

1 2  

.4855.022 .355 334 444 

349 .428 . 360 1 

. . a  I14 ,520k.062 - 4 2 4  .463  

1 6  

1 8  

a 605  . 635  - 6 2 3  

m6272.079 o6302.044 a692 

20 . 607 -551 7 0 1  

E s t i m a t e d  absolute error, 240%. 
. I  

'4 

, 

im- 
. ..... -e--? 
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E n e r g y  

3. keV 

3.5 

4 

4 .5  

5 

5,s 

6.25 

7 

8 

9 

1 0  

1 2  

14 

1 6  

1 8  

20 

T a b l e  11: PROTONS ON HELIUM, DIFFERENTIAL 
CROSS SECTIONS FOR TRANSFER TO 
2 s  STATE, d a ( 2 s )  

an 
( i n  units of 10-18 c m 2  1 s t e r r a d i a n  

8T=5 €IT=lO 
keV* D e g  . 

1.06  0.638 

4.21 0.527 

5.67 0.963 

1 2  e 50 1.99 

20.96 2.45 

3.88 

6.80 

12.29 

1 6  . 11 
19.06 

17.99 

€IT=20 €IT= 3 0 BT=SO 

0 . 111 
0.208 

0.252 

0.330 

0.574 

1 .23  0 .431  

1 .95  0.362 

2.24 0 . 538 

1 .88  0.497 

1 .90  0.440 . 099 

2.49 0.766 . 089 

4.70 1.19 . 1 4 3  

6.74 2.15 . 334 

8.38 1 .93  .370 

7.50 2.44 .452 

E s t i m a t e d  absolute error, +40 - 50%. 

Q 
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T a b l e  1 2 :  PROTONS ON HELIUM AT 6 .25  keV.  

' I  

Impact C h a r g e  T o t a l  Di f fe ren t ia l  
Angle Parameter T r a n s f e r ,  Po Scat ter ing,  dototal 

dn 
L O 0  .095  a.u. .169 ( 7 1 . 4 t 7 . 0 ) ~ 1 0 - ~ ~  - cm2 

sr 

1.3 . l l O  1 4 7  35.3 

1 . 6  .140 .143  20.0 

2 .0  .170 

2.5 . l l O  

.144 11.1 

.131 5.44 

3.2 . 260 . 1 3 0  2.365.18 

4.0 .300 

4.8 .375  

l . o o  

. 1 3 0  

. 1 1 9  

1 .19  

.6445.042 

Charge D i f f e r e n t i a l  
T r a n s f e r ,  PzS Cross Section do (zS)  

an 
-18 m 2  . 5 1 5 + . 0 8 5 ~ 1 0 ' ~  36  . 8x10 - sr 

! 

1.3  , 5 2 3  x l o m 2  1 8 . 4  

1 . 6  . 532 10 .6  

2.0 .494 5.48 

2 .5  - 5 2 0  2.82 

-- 

3.2 . 525+ . 071 1 .24  

4 .0  .514 . 612 

4 .8  -6 70+.  050 . 4 3 1  

Estimated absolute errors: P o r  5 1 0 % ;  d o t o t a l ~  515% except 

near 1 degree +30%;  P2s, + 4 0 % ;  do(zS)  
E1s2 

dSZ 

5 40 - 50%.  
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